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THE HAEMAGGLUTININS OF VACCINIA AND ECTROMELIA 
VIRUSES 


by F. M. BURNET anv JOYCE D. STONE?! 
(From the Walter and Eliza Hall Institute, Melbourne). 


(Accepted for publication 14th December, 1945.) 


Nagler’s work (1942) on the haemagglutinin obtained from suspensions of 
vaccinial lesions on the chorioallantois showed that the agent differed considerably 
from the haemagglutinin of influenza virus now known to be the virus particles 
themselves. Vaccinia haemagglutinin (V.H.A.) was found to have a very re- 
stricted range of action, agglutinating only cells from some 50 p.c. of individual 
fowls and inactive or doubtfully active against cells from all the other readily 
available species in contrast to the wide range of cells susceptible to influenza 
virus agglutination (Nagler and Clark, 1943). It agglutinated better at 37° C. 
than at room or refrigerator temperatures and no evidence of subsequent elution 
from the red cells could be obtained. Nagler (1942) also found that V.H.A. could 
be obtained only from chorioallantoic lesions; it was absent in calf lymph of 
equal or higher vaccinia virus content. 

The recognition that ectromelia virus produced a closely similar haemagglu- 
tinin (Burnet, 1945) stimulated us to undertake a more detailed study of these 
agents. In this paper we present evidence that the haemagglutinins are quite 
distinet from the virus particles and that those cells which are susceptible to their 
action are agglutinated by suspensions of tissue lipids. The probable deduction 
that V.H.A. and E.H.A. are essentially complexes of virus antigen with lipid 
has, however, not yet been established. 


MATERIALS AND METHODS. 


The vaccinia strain ‘‘Gillard’’ derived from an American commercial vaccine lymph was 
used throughout. All the 4 other strains of vaccinia which we have tested behaved similarly. 

The ectromelia virus was the Marchal strain from the National Institute of Medical 
Research, Hampstead. 

Both strains were normally used in the form of chorioallantoic membrane emulsions. Eggs 
which had been incubated at 37-5° C. for # days were inoculated on the chorioallantois and 
incubated subsequently at 35° C. For vaccinia the seed virus was used diluted 1: 100 but with 
ectromelia it was necessary to use 1: 10 material to give confluent lesions. Vaccinia membranes 
were harvested after 2 days incubation but with ectromelia 3 days were allowed. The infected 
membranes were left to drain in a Petri dish for a few hours, then ground with quartz powder 
and suspended in 0-5 mi. of saline per membrane. The suspension was centrifuged for a few 
minutes at 2,500 r.p.m. and the supernatant fluid used as stock virus or haemagglutinin. 

Haemagglutinin titrations were made essentially according to Nagler’s technique. Twofold 
serial dilutions were made in saline and an equal volume (0-25 ml.) of 2 p.c. red cells from a 
‘“susceptible’’ fowl added. The racks were placed in an incubator at 37° C. and shaken after 
15 to 20 minutes. The cells were then allowed to settle undisturbed for an hour. Readings were 
based on the pattern made by the deposited cells on the bottom of the tube and the end-point 
being the same as that used in influenza virus work in this laboratory, viz., a degree of partial 
agglutination taken as one plus (+). 

Virus titrations were made on the chorioallantois, six embryos being normally used for each 
tenfold dilution. The weighted average pock count was determined as described by Burnet and 
Faris (1943). 

Lipid suspensions were prepared as described in the text. 





1 This work was carried out under a grant from the National Health and Medical Research 
Council. 
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RESULTS. 


The Dissociation of Haemagglutinin from Virus. 


The fact that the haemagglutinin either of vaccinia or of ectromelia virus is distinct from 
the virus itself may be demonstrated by two types of experiment. By absorption with susceptible 
red cells the haemagglutinin may be removed with practically no loss of virus and by high speed 
centrifugation the virus may be removed from the supernatant fluid without reduction in 
haemagglutinin titre. 

A. Absorption tests were made by adding to 1 ml. lots of stock virus 0-1 ml. of washed cells 
susceptible and insusceptible. After standing for 3 hours at 37° C. the tubes were spun, and the 
supernatant fluids titrated. The experiment shown in Table 1 is typical of several, all of which 
agreed in showing that the haemagglutinin was readily removed by absorption with susceptible 
cells, to a very limited extent with insusceptible adult cells and not at all by embryonic cells. The 
virus content was essentially unaltered. 


TABLE 1. 
Dissociation of haemagglutinin and virus. 


Haemagglutinin Chorioallantoic 
titre. virus titre. 


Original stock virus 96733 320 20-5 X 105 
Absorbed cells F46 (insusceptible) 200 21-5 X 105 
os » 49 (susceptible) < 10 18-5 X 105 


B. In the absence of ultracentrifugal equipment we used an ‘‘ Eeco’’ direct drive centrifuge 
with a nominal speed of 15,000 r.p.m. Stock virus clarified by preliminary centrifugation was 
spun for 1 hour and the upper part of the supernatant fluid carefully removed. The tube was 
then drained and the deposit re-emulsified in the original volume of saline. Haemagglutinin 
and virus titres were obtained for original, supernatant fluid and deposit. 


TABLE 2. 
High speed centrifugation of vaccinia virus preparations. 


Haemagglutinin Chorioallantoic Ratio. 
Fraction. titre. virus titre. HA/V. 10-5, 


97271 Original 200 2-5 
Supernatant 160 800 
Deposit 6 ° 0-4 
98156 Original 200 . 5 
Supernatant 180 . 1,200 
Deposit 12 : 1-7 


Table 2 shows that about 99-5 p.c. of the infective titre was removed by centrifugation 
without significant decrease in haemagglutinin. The deposit contained only a trace of haem- 
agglutinin but about 20 p.c. of the virus titre could be recovered in the two experiments shown. 
In a third experiment much less virus could be recovered from the deposit presumably on account 
of aggregation and adsorption to that part of the deposit which could not be resuspended. 

Similar experiments have shown that ectromelia haemagglutinin is also distinct from the 
virus particles. 

The fact that the haemagglutinins of vaccinia and ectromelia are distinct from the virus 
particles marks a sharp distinction from influenza and Newcastle disease viruses in which the 
particles themselves are responsible for haemagglutination. The non-identity of virus and haem- 
agglutinin can also be shown by comparative virus-haemagglutinin titration of vaccinia prepara- 
tions of different origin. As an example, if the necrotic cells are scraped off the surface of an 
infected chorioallantois and emulsified in saline, the supernatant fluid from such an emulsion 
wi!l contain much more virus relative to its haemagglutinin titre than an emulsion of the scraped 
and washed membrane. Details of such experiments are given in another paper (Stone and 
Burnet, 1946). 


Removal of Vaccinia Haemagglutinin from Cells to which it is Adsorbed. 


Many attempts have been made to obtain evidence of elution of V.H.A. from red cells that 
have been agglutinated by it. This was readily accomplished by Hirst (1942) and others with 
influenza virus and formed the basis for Francis and Salk’s method (1942) for preparing con- 
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centrated vaccine. No success whatever was obtained with V.H.A. on susceptible fowl cells. 
Incubation of treated cells in saline at 37° C. for periods up to 24 hours gave no re-liberation of 
haemagglutinin and no significant change in the spontaneous agglutinability of the cells. Using 
preparations of cells haemolyzed by heating to 70°C. the washed stromata-nuclei deposit 
adsorbed the haemagglutinin and attempts to elute from this were made. After long periods 
at 37° C. small amounts of haemagglutinin were found in solution but this gave no indication of 
being a specific elution at all comparable to the influenza virus reaction. 

It has already been reported (Burnet and Boake, 1945) that cells rendered inagglutinable 
with most influenza viruses by suitable absorption and elution are still fully susceptible to 
agglutination by vaccinia haemagglutinin. 

The only way in which cells which have absorbed V.H.A. can be rendered stable is by the 
use of immune serum. With suitable treatment such cells can be shown to retain their normal 
agglutinability after the haemagglutinin has been removed. 

The following experiment will demonstrate the phenomena. Four sets of doubling 
dilutions of an active vaccinia preparation from 1: 10 to 1: 640 were prepared. To one set a 
volume of 1: 20 immune calf serum was added and then susceptible red cells. The tube with 
1: 10 virus showed one plus aggiutination, the others were negative. To the other three sets of 
haemagglutinin dilutions susceptible cells were added and the titre determined in the usual 
fashion. When the cells had settled and the degree of agglutination had been read, one sed 
received immune serum 1: 20; all were shaken and the titres again read after the cells had 
settled. This procedure was continued, a new set of tubes receiving serum after each shaking and 
the whole series being then replaced in the incubator for about an hour till a further reading 
could be made. 


TABLE 3. 
Removal of haemagglutinin from red cells by subsequent addition of immune serum. 


Successive readings at 35° C. 


Set 1 400(L.S.) 55 10 . 7 
2 400 400 (L.S.) 55 9 9 
3 400 400 400 (I.8.) 60 13 


Values given are the dilution of virus preparation at which partial (+) agglutination is given. 
Immune calf serum 1: 20 added where shown by I.S. 


Table 3 shows the successive readings. This shows that irrespective of the time during 
which the haemagglutinin acts on the red cells a considerable amount can be removed by a single 
contact with serum and that after a second shaking a standard level is reached corresponding to 
the direct neutralizing capacity of the serum. 

At the completion of the experiment the contents of the tubes containing initially 1: 20 and 
1: 40 haemagglutinin were combined and the red cells washed. These cells had been agglutinated 
by a large excess of virus and subsequently been treated with immune serum. The washed cells 
were found to be agglutinated normally by the same haemagglutinin diluted 1: 80, i.e. 5 minimal 
agglutinating doses. 


Agglutination of Red Cells by Non-specific Tissue Lipids. 


Before describing in detail the behaviour of different types of erythrocytes with virus 
preparations it is necessary to give some account of a closely similar type of agglutination 
produced by watery suspensions of non-specific tissue lipids. 

In the course of preliminary experiments on the chemical nature of the vaccinia haem- 
agglutinin, dried active material was extracted with alcohol. The alcoholic extract was 
evaporated to dryness and the non-volatile material suspended in water. This suspension was 
found to agglutinate susceptible fowl cells and to be inactive against fowl cells which were not 
agglutinated by V.H.A. It also failed to agglutinate guinea-pig cells. The agglutination was of 
generally similar character to V.H.A. agglutination and at first it seemed likely that we were 
actually dealing with the virus haemagglutinin itself. Appropriate experiments soon showed, 
however (1) that a similarly active suspension could be prepared from uninfected chorio- 
allantoic membranes and indeed from almost any animal tissue—a Kahn antigen was highly 
active, and (2) that the agglutination by lipid suspensions was ‘‘neutralized’’ by normal 
mammalian sera as well as by immune sera. 

Work is under way in an attempt to identify the substance or substances responsible for this 
characteristic type of agglutination. A search of the literature has given us no earlier account 
of the phenomenon and the well known difficulty of isolating and identifying tissue lipids has as 
yet allowed little progress. Useful information has, however, been obtained from the study of 
three preparations. Two of these are alcoholic extracts of dried tissues (1) of chorioallantoic 
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membranes infected with vaccinia virus and (2) of normal liver tissue from chick embryos of 
14-16 days. The alcoholic extracts were evaporated to dryness and the residue suspended in 
water usually in a concentration of 5 mg. per ml. These suspensions were used in haemagglutina- 
tion tests in the same way as the virus preparations. The third preparation was one of cephalin 
prepared from ox brain by a standard method and presumably containing a number of impurities. 

These lipid suspensions were active to high dilutions (105-106) and gave agglutination 
generally resembling in character that produced by V.H.A. Consistently higher titres were 
obtained at 37° C. than in the refrigerator and the deposit of cells was of the uniform ‘‘shield’’ 
type. Differences from the virus haemagglutinins were due es. »ntially to the ready ‘‘inactiva- 
tion’’ of the lipid haemagglutinins by protein and possibly other substances. In the absence of 
cells or other added material dilute lipid suspension in saline retained their agglutinating titre 
for 3 days at 37° C. or room temperature. In the presence of red cells, however, the titre fell 
considerably so that if a preparation is titrated in the ordinary fashion and after reading 
reshaken and returned to the incubator the second reading will be lower than the first. In one 
preparation of chorioallantoic lipid tested in this way successive titres obtained were 9,000, 2,500 
and 1,200. 

Non-specific lipid agglutination can be differentiated from specific virus haemagglutination 
most readily by the fact that it is completely inhibited by dilute normal serum. If one uses say 
10 agglutinating doses of lipid this will be ‘‘ neutralized’’ by normal rabbit serum diluted 1: 2,000 
or 1: 5,000. Virus haemagglutinins are unaffected by normal serum at 1: 10. 

The range of red cells agglutinated by such lipid suspensions is broadly the same as those 
susceptible to the virus haemagglutinins. In view of our experience to be described later on the 
variability of cell susceptibility within a given species it is dangerous to say that any given 
species regularly gives cells insusceptible to lipid agglutination. To date, we have found no 
human cells to be susceptible to agglutination by lipid emulsions or by V.H.A. Twenty-four 
specimens, 6 from each of the ABO groups have been tested. A few tests on sheep, ferret, rabbit 
and rat cells have been negative. Fowl, pigeon and mouse cells may be susceptible but in none of 
these species is the behaviour of the cells uniform. 

In view of the great activity of serum globulins and probably of other soluble proteins in 
inhibiting lipid haemagglutination one would not expect to find non-specific haemagglutinins of 
this type in tissue extracts. We have, however, found two examples of biological material which 
show non-specific agglutination of susceptible cell types. Material scraped from chorioallantoic 
lesions and suspended in saline appears to develop such agglutinins with regularity when allowed 
to stand in a refrigerator for 10 days or more. This offers a serious possibility of error in titrating 
V.H.A. which can be guarded against by adding dilute normal serum to the agglutinating system. 

A small proportion of stored ferret sera show a similar power to agglutinate susceptible fowl 
cells but not those insusceptible to the action of vaccinia and lipid haemagglutinins. 


Atiempts to find whether V.H.A. and Lipid Haemagglutinin are attached to 
the same Cell Receptors. 


When susceptible red cells are treated with active lipid suspensions the agglutinin titre of 
the supernatant fluid is reduced. After reshaking and allowing to sediment at 37° C. for several 
times the cells become more or less stabilized although the haemagglutinin does not reappear in 
the supernatant fluid. If fresh lipid emulsion is added agglutination again occurs. By repeated 
treatment in this fashion cells may be obtained which are almost stable (giving only a slightly 
muddy sediment when they settle) and are little influenced by the addition of lipid. We never 
obtained cells which were completely stable and completely insusceptible to lipid but the treated 
cells were strikingly different from normal cells. When such treated cells were tested with 
vaccinia haemagglutinin they were almost unaffected but were well agglutinated by an active 
influenza virus preparation. The influenza virus agglutination was somewhat atypical, the 
cells slipping to the bottom of the tube more readily than normal. 

Many experiments were made along these lines without obtaining really clear cut results. 
The findings were compatible with the view that lipid particles reacted with the same receptors 
as V.H.A. but could equally well be interpreted on the basis that aggregation of lipid on the red 
cell surface acted as a mechanical interference. 


Differences amongst Red Cells from the same Species. 


The striking differences in the susceptibility of fowl cells to agglutination by vaccinia virus 
materials have been a matter of interest throughout all work on the general theme in this labora- 
tory. We have recently observed that somewhat similar interspecific differences can be observed in 
the red cells of pigeons and it must remain a possibility that a smaller or larger proportion of cells 
from other species are susceptible to this group of agglutinins. The findings with the three 
species we have studied in some detail will be given separately and possible conclusions to be 
drawn will be based largely on Table 5 which combines the essential features of the investigation. 

Fowls. As has been already indicated (Burnet and Boake, 1945) fowl cells cannot be as 
clearly divided into 50 p.c. susceptible and 50 p.c. insusceptible as was thought by Nagler and 
Clark (1942). Such a distribution will be found if tests are made only with a standard haem- 
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agglutinin dilution equivalent to 5 agglutinating doses. If complete titrations are carried out 
a considerable proportion of those apparently negative with the single small dose will give 
evidence of agglutination at lower dilutions. 

Cells from 27 fowls (2-year-old white leghorns) were tested against standard preparations 
of vaccinia and ectromelia haemagglutinins, ‘‘cephalin’’ and ‘‘chorioallantoic lipid’’. Fig. 1 
shows the titres obtained with the 4 agents, the cells being arranged in order of decreasing sus- 
ceptibility to agglutination by vaccinia virus. 


A 6B. 
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Fig. 1. Comparison of cells from 27 individual fowls. For each fowl the titres are 
shown to which its cells are agglutinated by: 


1. Cephalin: heavy continuous line. A. Scale for 1 and 4. 
2. Vaccinia haemagglutinin: light continuous line. B. Scale for 2 and 3. 
3. Ectromelia haemagglutinin: broken line. 

4. Chorioallantoic membrane lipid: light continuous line. 


Identification numbers of individual fowls are shown beneath figure. 
Note that fowls 61, 83 and 84 gave cells completely inagglutinable by any of the four agents tested. 


It will be seen that the two virus haemagglutinins show an almost perfect parallelism in 
their activity, the order of susceptibility being the same for each. The two lipids show a general 
similarity to the virus haemagglutinins in the range and relative titre of the agglutinations pro- 
duced, but there are distinct minor discrepancies in the order, a notable one being the poor 
agglutination shown by F. 69 with cephalin. The existence of a small group of fowls Nos. 61, 
83 and 84, which are completely insusceptible to all agents is noteworthy. All embryonic fowl 
cells are equally inagglutinable as Nagler was the first to show. Careful absorption experi- 
ments with the virus haemagglutinins have shown no absorption whatever with these fully 
insusceptible cells whether adult or embryonic. 

Pigeons. To date only 5 pigeons have been tested in regard to the susceptibility of their 
cells to agglutination by the various agents under consideration. Two have given susceptible cells 
while the other three have given cells quite insusceptible to agglutination by either virus haem- 
agglutinins or lipid suspensions. It is of interest that a male with susceptible cells and a female 
with insusceptible cells gave an offspring with susceptible cells. The cells of the two susceptible 
pigeons were somewhat less readily agglutinated than fully susceptible fowl cells and differed 
significantly between themselves. The insusceptible pigeon cells were completely insensitive and 
failed to absorb any V.H.A. from solution. 

Mice. Of the readily available mammalian types, mouse cells are the only ones susceptible 
to agglutination by agents of the present group. They are regularly susceptible to specific 
agglutination by ectromelia preparations, the agglutination being inhibited by immune but not 
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by normal serum. All mouse-cells are agglutinated by lipid suspensions but the degree of sus- 
ceptibility varies considerably. Rarely one may find a mouse whose cells appear to be agglu- 
tinated specifically by vaccinia haemagglutinin. An example, M3, is shown in Table 5. As 
indicated there these cells are highly susceptible to lipid agglutination and it is probable that the 
agglutination shown with V.H.A. is not specific but is due to the presence of non-specific lipids 
in the vaccinia preparation. Unfortunately this possibility was not fully realized when M3 
cells were tested and no subsequent mouse cells so readily agglutinated by V.H.A. preparations 
have been encountered. In Table 4 there are shown the agglutination titres produced by three 
different vaccinia preparations with four sets of mouse cells as weli as susceptible fowl! cells. 
It will be seen that M29 gives cells which are readily agglutinated by an agent (not the specific 
haemagglutinin) present in vaccinia preparation 4802. The agglutination is inhibited by normal 
serum and is apparently not produced in susceptible fowl cells. It must remain a possibility 
that some mouse cells are specifically agglutinated by vaccinia haemagglutinin, but no indubitable 
examples have been found. 


TABLE 4. 
Non-specific character of agglutination of mouse cells by preparations of vaccinia virus. 


Vaccinia Fowl M 28 M 29 M 30 M31 
preparation. oe 8. O. O. O. S O. 


S. 8 ‘ 8 
5121 Fresh 360 360 0 0 (160) 0 0 0 0 0 
0 0 (160) 0 0 

0 


4802 6days 160 140 (160) 640 


(160) 
4477 20days 160 120 0 oO (25) 0 


0 (25) 0 
For each type of cells the direct titre (O) and the titre after addition of 1: 20 normal 


rabbit serum (S) is shown. Titres in brackets indicate weak agglutination usually showing a 
‘*prozone’’. 0 indicates no agglutination at a dilution of 1: 10. 


Summary of Haemagglutination by Virus Haemagglutinins and Lipid Suspensions. 


In order to provide a fully controlled series of reactions titrations were made on the same 
day of all the distinct types of haemagglutinin that have been used against each type of red 
cell that has given significant results. Table 5 shows the results obtained. 


TABLE 5. 
Summarized reactions of virus and lipid haemagglutinins on different types of red cell. 


Fowl cells. Pigeon cells. Mouse cells. 

Haemagglutinin. F77. \ . P2. P3. M2. M3. 

L Vaceinia C.A. 3113 480 200 < <2 400 
2 RS. 81 140 = 10+ < <2 <2 
< 


3 Ectromelia C.A. 3372 320 280 160 220 
q a M.L. 408 70 10+ < 10 80 80 


5 Cephalin 1-1 X 106 5-6 X 105 < 1,000 6-4 X 105 < 1,000 1X 106 2-2 x 106 
6 Lipid (C.A.) 1-6 X 105 6,000 < 500 1:6X105 <500 8 X 104 3-2 X 105 
7 Lipid (liver) 1 X105 5,000 < 500 1-4X105 <—500 6X10¢2 X 105 


Dilutions giving standard partial agglutination are shown, the virus haemagglutinins in 
terms of the initial stock emulsion, the lipids in terms of dry weight. 5+ an indefinite weak 
agglutination not extending significantly beyond the dilution shown. < 2 Complete absence of 
agglutination at the lowest dilution tested. 

C.A. = Chorioallantois. R.S. = Rabbit skin. M.L. = Mouse liver. 


DISOUSSION. 


The discovery of the haemagglutinating activity of vaccinia virus prepara- 
tions was made in the course of attempts to see whether other viruses than those 
of the influenza group were capable of the activity independently described by 
Hirst (1941) and by McLelland and Hare (1941).° It was natural, therefore, to 
assume as soon as the vaccinia haemagglutination was shown to be specific by 
Nagler that the mechanism of the effect was similar to that of the influenza viruses. 
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The present work, however, makes it clear that very different principles are in- 
volved in the two cases. 

The Hirst phenomenon is a function of the virus particles themselves and 
there are no indications in the literature that material of smaller particle size 
such as is responsible for complement fixing activity will function as an agglu- 
tinin. The virus particles become attached to certain ‘‘receptors’’ on the red 
cell surface and after a relatively short period of contact at temperatures around 
37° C. destroy the receptor and become detached. Under suitable conditions it is 
possible to obtain cells which have lost all their capacity to absorb and be aggluti- 
nated by influenza virus. 

The vaccinia and ectromelia haemagglutinins are distinct from the corre- 
sponding virus particles as shown by comparative haemagglutinin and virus titra- 
tions of preparations treated in various ways. By high speed centrifugation the 
virus is deposited without appreciable change in the haemagglutinin content and 
by absorption with suitable cells haemagglutinin can be removed with no signifi- 
cant change in virus concentration. 

The actual physico-chemical character of the haemagglutinin will need to be 
decided by the application of techniques more elaborate than those available to 
us. Its serological specificity, inactivation by moderate heat and by acidity below 
pH 5, and precipitation by half-saturated ammonium sulphate speak in favour of 
a rather labile protein component. The most interesting hint as to the nature of 
the haemagglutinin is, however, given by the range of red cells which are agglu- 
tinated. With a few minor deviations only those cells are agglutinated which 
are also susceptible to agglutination by suspensions of tissue lipids. The nature 
of the component responsible for this lipid agglutination is under study. At the 
present time all that can be said is that crude alcoholic extracts of chick embryo 
tissues, of beef heart and of yeast are all active as is a preparation of cephalin from 
sheep’s brain. The correspondence of susceptibility not only from species to 
species but for individuals within the species can hardly be interpreted on any 
other basis than an identity of the molecular structure responsible for the union 
of the agglutinins, whether V.H.A. or lipid, to the red cell surface. In view of 
the fact that according to Smadel and Hoagland (1942) vaccinia virus contains 
lipids including fat, phospholipids and cholesterol as intrinsic components of 
the elementary bodies it is possible that one of these is responsible for the spe- 
cificity of the haemagglutinating reaction. Any further elaboration of such an 
hypothesis must wait on further evidence as to the active component of the tissue 
lipid agglutinins. 

Minor points calling for discussion are (1) the differing characteristics of pre- 
parations of the same virus from different hosts species as indicated by the results 
in Table 5. For chorioallantoic preparations of vaccinia the ratio of titres on 
susceptible fowl cells, partially susceptible fowl cells and, susceptible pigeon cells 
is 100: 17:42; for a rabbit skin preparation the ratios are 100:3:7. A similar 
comparison of chorioallantoic and mouse liver ectromelia preparations extended 
to include mouse cells in the fourth, place gives the ratios 


Chorioallantoic material 100: 25: 88: 69; 
Mouse liver 100: 14:14: 114. 


In both cases the mammalian preparations have a disproportionately weak 
action on the less susceptible cells as compared with chorioallantoic material. In 
part this may be due to a higher concentration of extraneous soluble protein in 
the mammalian extracts with a partial inhibitory effect on the agglutination but 
the higher activity of mouse liver ectromelia on mouse cells suggests that such 
wholly nonspecific eflects are not very important. 
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It is of interest that attached haemagglutinin can be removed from cells by 
treatment with immune serum and that cells so treated have lost none of their 
power to react with further haemagglutinin. This indicates another sharp dif- 
ference from the influenza virus haemagglutinin which characteristically destroys 
its point of attachment. At, the same time it is evidence of the essentially rever- 
sible character of the haemagglutinin-red cell union and perhaps hints that when 
the mechanism of both types of haemagglutination is known they will not appear 
quite so different as they do at present. 


SUMMARY. 


The haemagglutinins produced by vaccinia and ectromelia viruses are sub- 
stances distinct from the virus particles themselves. 

The range of cells agglutinated includes some from fowls, pigeons and mice 
but within each species there are individuals which provide insusceptible cells. 

There are differences in the range of cells agglutinated by preparations of 
the same virus grown on the one hand on the chorioallantois and on the other in 
a suitable mammalian tissue. 

No elution of haemagglutinin from susceptible cells has been observed but 
the agent can be removed by immune sera leaving apparently unaltered cells. 

With minor qualifications discussed in the text suspensions of non-specific tis- 
sue lipids or semi-purified cephalin agglutinate only those red cells which are 
susceptible to the action of the virus haemagglutinins. 


Acknowledgments. We are much indebted to Mr. H. F. Holden for preparing the lipid 
preparations used in this work and to Dr. R. Jakobowiez for human red cells of known groups. 
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THE PRODUCTION OF VACCINIA HAEMAGGLUTININ 
IN RABBIT SKIN 
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(Accepted for publication 14th December, 1945.) 


It has recently been shown, Burnet and Stone (1946) that the haemagglutinins 
produced by vaccinia and ectromelia viruses are not the virus particles themselves. 
This provides an approach to the puzzling finding reported by Nagler (1942) in 
his first paper on haemagglutination by vaccinia virus that fresh calf lymph 
showed no haemagglutinating activity whatever despite the fact that its content 
of virus was equal to or greater than that of chorioallantoic preparations of high 
haemagglutinating power. It seemed desirable, therefore, to study the question 
of the production of vaccinia haemagglutinin in the mammalian skin. In the 
absence of facilities for work on calves, the most convenient laboratory animal 
for the purpose is the rabbit. 

The experiments to be reported have shown that vaccinia haemagglutinin can 
be produced in the rabbit skin but that there is no direct correlation between the 
amounts of haemagglutinin and of active virus demonstrable. In general, super- 
ficial scrapings from early lesions contained much virus and relatively little 
haemagglutinin. Conversely the skin from which the superficial infected epithe- 
lium has been removed has a low virus content but relatively large amounts of 
haemagglutinin. 

An essentially similar state of affairs obtains on the infected chorioallantoic 
membrane. Superficial scrapings of proliferated and necrotic epithelium give 
preparations containing much virus but little haemagglutinin, while emulsions of 
scraped membranes give high haemagglutinin titres with smaller amounts of virus. 

In the later stages of the dermal, lesion in the rabbit the virus titre remains 
high but haemagglutinin rapidly disappears and by the seventh or eighth day 
detectable amounts of a substance inhibiting haemagglutination can be found. 
This inhibitory substance is probably antibody. 


MATERIALS AND TECHNIQUE. 
Virus Strains. 


_ The Gillard strain of vaccinia was used throughout and the Marchal strain of ectromelia 
virus. 

Rabbits were inoculated by Craigie’s method (Craigie and Wishart, 1934). Animals 
weighing about 2-5 kg. were depilated and on the following day inoculated with virus by the 
searification of broad areas using the cut edge of a piece of wire gauze. The experiments were 
begun using chorioallantoic passage material but subsequent rabbits were inoculated with material 
obtained from scrapings of 3-day rabbit lesions. In most experiments the rabbits were killed 
72 hours after inoculation and the skin removed. This was tacked down on a cork board for 
scraping. The smallest convenient amount of saline was used, and the scrapings taken up with 
about 1 ml. per 25 sq. em. of skin. When the skin had been thoroughly scraped an area of 
6 sq. cm. was cut out, minced with scissors and ground with 1 ml. of saline. Both preparations 
were centrifuged at 2,500 r.p.m. and the supernatant fluid used for all titrations of haemagglutinin 
or virus. 





1 This work was carried out under a grant from the National Health and Medical Research 
Council. 
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Chorioallantoic inoculations were made by the usual technique and with vaccinia virus the 
membranes were harvested after 48 hours incubation at 35° C. For ectromelia 3 days incubation 
was allowed. When it was required to scrape off the infected epithelium the eggs were chilled 
for 4 hours to prevent bleeding during manipulation. The shell over the infected area was then 
removed. A Pasteur pipette was prepared with a broad flattened point which could be rubbed 
over the surface of the membrane while suction was maintained with a rubber teat. In this 
way it was found possible to suck off practically all the necrotic material on the surface without 
damaging the deeper layers of the membrane. The material so obtained was emulsified in 0-5 ml. 
of saline per membrane. The cells were further disintegrated by adding a little quartz powder 
and working the fluid up and down with a Pasteur pipette. The membranes were then removed, 
washed once in saline and drained. They were then ground with 0-5 ml. of saline per membrane. 
Both preparations were spun and the supernatant fluid used for all titrations. 

Haemagglutinin titrations were made as described in previous papers using a 2 p.c. 
suspension of red cells from a fully susceptible fow). Virus titrations were carried out on the 
chorioallantois by the pock counting method. It was found unnecessary to attempt to sterilize 
rabbit skin material as the dilution of 105-106 necessary to give countable number of pocks was 
in itself sufficient to avoid bacterial contamination. 

Antihaemagglutinin titrations were made by adding 5 agglutinating doses of a chorio- 
allantoic preparation to serial twofold dilutions of tissue emulsion or serum. The titre represents 
the dilution showing one plus agglutination. 


RESULTS. 


The results of virus and haemagglutinin titrations (and, in the later stages, of antihaem- 
agglutinin titrations) of preparations made as described above are shown in Tables 1 and 2. 


TABLE 1. 
Content of virus and haemagglutinin in 3 day lesions on rabbit skin. 


Scrapings R64. R65. R72. R79. R81. 
Virus 107-8 107-7 ‘ 106-8 107-4 
Haemagglutinin 60 150 160 140 
Ratio 0-08 0-25 ° 1-6 0-5 


Virus 105-9 105-8 105-4 105-9 106-1 
Haemagglutinin 90 40 80 60 50 
Ratio 10 6 23 7°5 4-4 


It is convenient to express the ratio between haemagglutinin (H.A.) and virus (V.) titres in 
the form H.A./V.10~*. From the data given in the Table serapings from rabbit 64 with a 
haemagglutinin titre of 56 and virus titre of 7 X 107 gives a value for this ratio of 0-08; the 
emulsion prepared from the underlying skin on the other hand had a ratio of approximately 10. 
The ratios vary from rabbit to rabbit but throughout the series this characteristic difference 
between scrapings and underlying skin is found. 

In older lesions the infected area dries up to form a superficial scab which after 7 or 8 days 
separates readily. In Table 2 dealing with the findings in lesions 5-14 days after scarification, 
scrapings were obtained from 5 day lesions but at 7 and 8 days the scab was removed and ground 
with saline. 


TABLE 2. 
Content of virus haemagglutinin and antihaemagglutinin in older lesions on the rabbit skin. 
R73. R93. R94. R73. R80. R82. R83. 


Scraping or scab 5d. 5d. 5d. 7d. 7d. 8d. 14d. 
Virus 106-6 107-7 107-8 106-9 105-5 106-5 


Haemagglutinin 12 48 2 - < | <2 <2 
Antihaemagglutinin _ , 2-5 2 


Underlying skin 
Virus 
Haemagglutinin 
Antihaemagglutinin 
Serum 
Antihaemagglutinin 


105-9 
6 


105-3 
<2 
8 
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_ It will be seen that although virus persists almost undiminished in the scab there is a rapid 
disappearance of haemagglutinin both from superficial and deeper tissues. From 7 days onward 
there are traces of antihaemagglutinin in the skin and a relatively large amount is present at 
14 days. 


The Inhibitory Agent in Calf Lymph. 


Crude lymph obtained from a calf inoculated 140 hours previously and untreated wag 
emulsified to produce a 20 p.c. suspension in saline and spun. The supernatant fluid had no 
haemagglutinating activity. It was then titrated for antihaemagglutinin against 5 haem- 
agglutinating doses of vaccinia haemagglutinin. A titre which in various experiments ranged from 
25 to 35 was obtained. The same fluid was tested against ectromelia and influenza A haem- 
agglutinins. The figures obtained were vaccinia 28, ectromelia 8-5, influenza A (Melbourne) 
less than 4. This behaviour suggests rather strongly that the inhibitory agent is an antibody 
resembling serum antibody. A comparative test was made of calf lymph fluid and serum from a 
calf which had recovered after being used for vaccine production. These were tested unheated and 
after heating at 62° C. for 15 minutes. The results are shown in Table 3. The inhibitory sub- 
stance in calf lymph thus seems to be somewhat more specific and more readily inactivated by 
heat than antibody in the serum. The differences, however, might well be due to minor factors 
and it is reasonable to adopt provisionally the view that the inactivating agent is precociously 
produced antibody. 


TABLE 3. 
Comparative antihaemagglutinin in calf lymph fluid and serum. 


Calf-lymph fluid. Calf serum 4171. 
Unheated. Heated 62° C. Unheated. Heated 62° C. 


Vaccinia 28 10 30 28 
Ectromelia 8-5 24 


Dissociation of Haemagglutinin and Virus Titres in Chorioallantoie Lesions. 


In chorioallantoic lesions due to vaccinia or ectromelia viruses there is a similar difference 
in the relative virus-haemagglutinin content of superficial and deep tissues. Table 4 gives the 
results of several comparative titrations of virus and haemagglutinin in saline emulsions prepared 
(1) from the infected and necrotic cells scraped off the surface according to the technique de- 
scribed earlier and (2) from the scraped and washed membranes. 


TABLE 4. 
Comparative haemagglutinin and virus content of chorioallantoic material. 


Scrapings. Scraped and washed membrane. 
Preparation. H.A. V. HA/V10~. H.A. Vv. HA/V 10". 


Vaccinia C.A. 2591, etc. 1-8 105-6 0-45 640 106-8 9-1 
Vaccinia C.A. 3895,etc. 12 106-3 0-6 560 106-9 7 
Ectromelia C.A. 3091, ete. 3°5 105-8 0°6 280 106-4 12 


The haemagglutinin virus ratios for the deeper portion of the membrane lesions are 10-20 
times as high as those for the superficial scrapings. The haemagglutinin titres shown for the 
emulsions of superficial cells were those given immediately after the final centrifugation. The 
agglutination was shown to be inhibited by dilute immune serum but not by normal serum. If 
these saline emulsions prepared from superficial chorioallantoic lesions were allowed to stand 
for 10 or more days in the refrigerator (+4°C.) their haemagglutinating activity usually 
showed a large increase. Titres obtained under these circumstances from the three preparations 
shown in Table 4 are given in Table 5. 


TABLE 5. 
Development of non-specific agglutination on storage at 4° C. 


Scraping emulsions. Initial H.A. titre. Subsequent H.A. titres. 


Vaccinia 2591 1-8 144. 400 (10) 
Ectromelia 3091 3-5 20d. 240 (10) 
‘s 3895 12 14d. 640 (20) 


Values in brackets represent the titres obtained in the presence of 1: 20 normal rabbit serum. 
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The increased agglutination was of the same general character as a normal vaccinia haem- 
agglutination and was shown only against ‘‘ specific” fowl cell. The non-specific character of 
the increase could, however, be shown by its disappearance in the presence of dilute normal serum. 
In all probability the effect is due to the liberation of lipid material by autolytic processes during 
storage and is of the type described in the preceding paper (Burnet and Stone, 1945). 

We have not observed similar changes in preparations from whole or scraped chorioallantoic 
membranes when fowl cells are used, but as has been mentioned (Burnet and Stone, 1945) con- 
fusing results which are probably due to similar non-specific changes are encountered when mouse 
cells are used for haemagglutinin titrations. 

These examples stress the importance in all work of this sort of maintaining a constant check 
on the specificity of observed agglutinations by seeing that the agglutination is inhibited by the 
appropriate immune serum but not by dilute normal serum. 


DISCUSSION. 


These observations on the dissociation of haemagglutinin and virus titres in 
two types of vaccinia virus lesions present several points of interest, in addition to 
indicating again the non-identity of virus particle and haemagglutinin. It has 
already been shown (Burnet and Stone, 1945) that the haemagglutinin can readily 
be separated from the virus either by high speed centrifugation or by absorption 
with susceptible red cells. 

1. The low haemagglutinin titre of the superficial layers of both rabbit skin 
and chorioallantoic membrane lesions relative to their high virus content is most 
readily interpreted as due to a simple destruction of haemagglutinin in that 
situation. In view of the specific immunological character of the haemagglutinin 
it ean hardly be produced elsewhere than in the cells actually infected by the 
virus, i.e., predominantly in the epithelial cells. Histological sections of both in- 
fected rabbit skin and the chorioallantoic lesions shows sharp inflammatory re- 
sponses in the underlying mesodermal tissues, but the visible necrotic action of 
the virus is almost limited to the epithelial cells. We have some evidence that 
vaccinia haemagglutinin is destroyed by oxidation when suitably exposed to air, 
e.g., on moist filter paper. It is, therefore, reasonable to believe that in the pre- 
sence of the oxidizing systems associated with necrotic cell debris, exposure to 
atmospheric oxygen is responsible for reducing haemagglutinin to the low levels 
that are found experimentally in the superficial cells. 

2. The failure of calf lymph of high virus content to show any specific 
haemagglutinin may in part be due to this destruction of the agent in superficial 
necrotic tissue, but there is in addition an actively inhibitory substance present 
which is almost certainly antibody, possibly antibody produced in the immediate 
vicinity of the site of infection. 

3. The findings in the rabbit experiments would suggest that if a search is 
being made for specific agglutinins associated with other viruses of the same gene- 
ral character as vaccinia and ectromelia, attention should not be confined only to 
superficial scrapings from the lesions even if these are known to contain a high 
virus concentration. The skin immediately beneath the lesions should also be 
tested. 

4. The appearance of non-specific agglutinin, probably lipid in character, in 
emulsions of chorioallantoic scrapings which initially contained only a small 
amount of specific haemagglutinin indicates an important potential source of 
error in work on the haemagglutinins of vaccinia and related viruses. 
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SUMMARY. 


Vaccinia haemagglutinin is produced in the early stages of dermal infection 
with the virus in rabbits. 

The ratio of haemagglutinin to virus is higher in the deeper layers of the 
skin than in superficial scrapings: as the lesion ages haemagglutinin disappears 
more rapidly than virus. 

Some evidence was obtained of an early appearance of antihaemagglutinin in 
the rabbit lesions and a considerable amount was present in fresh calf lymph. 
This is responsible for the failure of calf lymph to show haemagglutination despite 
high virus content. 

In chorioallantoic membrane lesions there is a similar variation in haemagglu- 
tinin-virus ratios as between superficial and deep layers. 

On standing in the cold emulsions of cells from chorioallantoic lesions fre- 
quently give rise to considerable amounts of non-specific haemagglutinin. This 
can be differentiated from virus haemagglutinin by its inactivation with dilute 
normal serum. 
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After unsuccessful attempts by other workers, the mumps virus was first 
cultivated in the chick embryo by Habel (1945). He used infected monkey paro- 
tid gland as a source of virus and was able to establish infection after inoculation 
of either yolk sac, amniotic cavity or allantoic cavity. No diagnostic lesions were 
observed but after several passages, embryos inoculated in the yolk sae on the 
5th, 6th or 7th day of incubation died about seven days later. The presence 
of virus was detected by the complement fixation test, titrating as antigen the un- 
known suspension from the embryo against known positive and negative sera. 
Habel was unsuccessful in two attempts to isolate the virus in chick embryos 
directly from infected human saliva. Following Habel’s work, Levens and Enders 
(1945) also cultivated the virus in chick embryos from infected monkey parotid, 
and made the important observation that amniotic fluid infected with the virus 
agglutinates fowl red cells. Our experience in isolating and cultivating the virus 


is described in this paper and a second paper (Beveridge and Lind, 1946) deals 
with investigations on haemagglutination and serological reactions. 


METHODS. 
Complement Fixation Tests. 


We followed Habel’s (1945) technique which was largely based on Bengston’s (1944) 
method. Complement was titrated in the presence of antigen, each dilution of antigen requiring 
a separate complement titration. The unit of complement was taken as the smallest amount 
causing complete haemolysis and 14 units were used in the test. Fixation was carried out at 
37° C. for 1 hour and the tubes left at 37° C. for an hour after addition of the sensitized cells. 
The tubes were usually left overnight in the refrigerator before being read, this being necessary 
with turbid antigen made from yolk sac. The end-point was taken as the last tube giving 
complete or almost complete fixation. Complement was sometimes used fresh but more often 
complement preserved by Sonnenschein’s (1930) method was used. Antigen was made from 
yolk sae by grinding up yolk sac and suspending in 9 times its weight of saline. If suspensions 
containing more than 10 p.c. yolk sac were used non-specific fixation sometimes occurred. All 
antigens were heated at 56° C. for 20 to 30 minutes to avoid working with active virus unneces- 
sarily. Human sera were heated at 60° C. for 20 minutes and monkey sera at 62° for 20 minutes, 
with the result that anticomplementary sera were rarely encountered. 


Collection of Human Saliva. 


Specimens were collected usually within 48 hours of the onset of parotitis but in three cases 
one parotid gland had been swollen 3 or 4 days and the other 24 hours or less. Cotton-wool 
swabs were placed inside the cheeks over the orifice of the parotid ducts for about one hour. 
After removal of these swabs the patient expectorated into a test tube until, in the case of adults, 
about 3 ml. of saliva were produced. About } of the volume of broth was added to the saliva and 
1 ml. to each swab, These materials were immediately packed in ice. Fluid later squeezed from 
the swabs is referred to as swab saliva in differentiation from expectorated saliva. 





1 This work was carried out under a grant from the National Health and Medical Research 
Council. 
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Inoculation of Eggs. 


For the first few passages batches of 6 or 8 eggs were injected in the yolk sac after 5 or 6 
days preliminary incubation and were then incubated at 35° C. Transfers were made by placing 
a portion of the yolk sac in a test tube 3” X 4” where it was ground with powdered quartz by 
means of a glass rod and broth added to give approximately 14 suspension. After light centrifuga- 
tion or merely allowing the sediment to settle, 0-5 ml. per egg was used for sub-inoculation at 
each passage. Seed and antigen for complement fixation test were made from a pool of the 
yolk sacs from 3 or 4 of the embryos surviving longest. Yolk sac inoculations were made in the 
usual way with a syringe and needle. Amniotic inoculations in 9 or 10 day eggs were usually 
made by a method similar to that described by Hirst (1942). A groove was drilled in the shell 
over the embryo. This was painted with tincture of iodine. The injection was made with a 
4” needle and syringe by inserting the needle with a sudden jab while the egg was held vertically 
with the air space end down. It was found to be important for the needle to be sharp. When 
opened 2 to 4 days later 75 p.c. of eggs thus inoculated contained amniotic fluid which gave 
haemagglutination. 


ISOLATION OF VIRUS FROM MONKEY. 


Saliva was obtained from a child 24 hours after the onset of swelling of the parotid glands. 
After passing it through filter paper and diluting it with saline to a volume of 4 ml., 100 units 
of penicillin were added. An adult and a half-grown cynomolgus monkey were inoculated with 
this material by introducing a blunted 25 gauge needle into the parotid duct and injecting about 
1 ml. into each gland, as described by Johnson and Goodpasture (1934). 

Neither monkey showed significant rise in temperature and the young one remained normal 
in all respects although subsequently both developed complement-fixing antibodies to high titre. 
On the sixth day, the adult developed a swelling on the left parotid gland and appeared listless. 
This gland was removed under Nembutal anaesthesia. It weighed 6-25 gm. 

On histological examination the gland showed no inflammation but there was a moderate 
amount of damage to the secreting cells. A 20 p.c. suspension was made of the gland and spun 
at 2,500 r.p.m. for 10 minutes. On culture the supernatant of the gland suspension was found 
to contain a few cocci. It was inoculated into the yolk sae of 4, 6 and 7 day embryos in amounts 
varying from 0-1 to 1 ml. together with 100 units of penicillin per egg. Some embryos were 
also inoculated with the same material diluted 1/100 without penicillin. Most of the embryos 
survived 10 days at which time the eggs were opened. Yolk sac antigen from this primary 
passage did not fix complement with sera from patients or monkeys convalescent from mumps. 

Second passage embryos died between the 5th and 10th days after inoculation and antigen 
made from the yolk sacs gave a positive complement-fixation test, as did antigen from all 4 sub- 
sequent passages. The third passage embryos all died on the 5th and 6th days after inoculation 
and the fourth passage on the 3rd or 4th days, but fifth and sixth passage embryo mostly survived 
longer and died less regularly. Passage of this strain was then stopped. 


ISOLATION DIRECT FROM MAN. 
General. 


Attempts have been made to isolate the virus directly into embryos from infected human 
saliva from 10 patients. The saliva from one patient was filtered through a gradocol membrane 
A.P.D. 700 my before injection into the yolk sac. Virus was not isolated from this specimen. 
The other specimens were all inoculated into the yolk sae without filtration. Usually the swab 
saliva and expectorated saliva were pooled but in two instances they were treated separately; in 
the first both swab and expectorate yielded virus while in the second neither did. 

Uncentrifuged saliva from 2 patients was injected into embryos with penicillin and sodium 
sulphadiazine. In both instances bacterial contamination was too great to allow passage. ‘To 
eliminate the majority of bacteria, the fluids from the other 7 patients were centrifuged for 
5 minutes at 2,500 r.p.m., the supernatant removed and centrifuged again. To the last 
supernatant was added penicillin sufficient to give 300 units per egg. The fluid was inoculated into 
the yolk sac of 5 or 6 day embryos usually in 0-5 ml. amounts. 0-4 ml. of 5 p.c. sodium sulpha- 
diazine or sodium sulphamerazine was injected into the yolk sae separately, either just before or 
after the other fluid. If bacteria were present when the yolk sacs were removed, the process of 
twice spinning and using penicillin and sulphonamide was repeated. 

Nine lots of material from 7 patients were treated in the manner just described. Two series 
were free of bacteria when the primary passage eggs were opened and mumps virus was isolated 
from both of these. Two more were free in the 3rd passage and virus was isolated from one of 
these. Another was sterile at the 4th passage and two were still contaminated at the 5th passage. 
One of the latter contained virus, but this was lost when the material was filtered through a gradocol 
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membrane A.P.D. 700 mu. In the remaining 3 series bacterial contamination was rather heavy 
and at the 2nd or 3rd passage diluted yolk sac suspensions were filtered with difficulty through 
gradocol membranes A.P.D. 700 mu. No virus was obtained from these. 


Details of Individual Strains. 


Case STO occurred in one of our colleagues who apparently became infected while examining 
other animals in the same room as the infected monkeys Saliva was collected 36 hours after 
onset of swelling in one parotid and 12 hours after onset of swelling in the other parotid. 
Primary passage embryos survived 10 days and proved free of bacteria but did not give a 
positive complement-fixation test. The second passage embryos died on the 6th and 7th days 
showing the granules in the yolk described later. Yolk sac antigen made from this passage 
gave a strongly positive complement-fixation test. In the 3rd and 4th passages most embryos 
died on the 4th and 5th days but in subsequent passages they survived longer. The strain has 
now been carried through 30 passages, i.e. 13 in the yolk sac and 17 in the amniotic cavity. 

The details of isolation of strain IND were similar to those of STO except that most of the 
embryos in each of the first 3 passages surviyed 10 days after inoculation and it was not until 
the third passage that a positive complement fixation test was obtained with yolk sac antigen. 
From the 4th to the 7th passage, deaths usually occurred on the 6th or 7th days after inoculation 
and yolk granules were present. Yolk sac antigen from the 3rd to the 6th passages gave positive 
complement-fixation tests, and in subsequent passages the amniotic fluid gave haemagglutination 
after either yolk sac or amniotic inoculation. 

Strain WAL was isolated separately from the expectorate and from the swab collected on the 
day of onset of parotitis. The series of passages initiated from the swab was freed of bacteria 
by the 3rd passage. Embryos in the first 4 passages did not survive longer than 6 or 8 days. 
Yolk granules were seen from the 3rd passage onwards but complement-fixation test was not 
positive until the 5th passage. In the series of passages started from the expectorate the first- 
passage embryos mostly died after 2 or 3 days but one survived 5 days. Three second-passage 
embryos survived 9 or 10 days and antigen from these gave a positive complement-fixation test. 
Yolk granules appeared in the 3rd passage. This series was still contaminated with bacteria at 
the 5th passage when an attempt was made to filter the virus through a gradocol membrane. 
It was necessary to dilute the yolk sac suspension to 1/500 before it would pass a membrane of 
A.P.D. 700 my and even at that dilution only very slow filtration was obtained. The virus could 
not be demonstrated in the two passages continued from this filtrate. 

Attempts were made to isolate virus from the blood of 6 patients including 2 from whom 
saliva virus had been isolated. Blood and saliva were collected at the same time. Citrated 
blood (0-5 ml. to 1 ml.) was injected into the yolk sac and each series continued for 4 or 5 
passages. No virus was isolated. 

Two specimens of cerebrospinal fluid from cases of mumps encephalitis were inoculated into 
embryos via the yolk sac. In each case 4 passages were carried out without virus being isolated. 


Comment. 


Virus was isolated from three of seven cases in which the technique included 
centrifuging the saliva twice before inoculation into the yolk sae with penicillin 
and sulphonamide. Swab saliva held no obvious advantage over expectorated 
saliva and the results with WAL rather suggested that the latter may have con- 
tained more virus. Blood has not yielded virus, at least not when taken after the 
onset of parotitis. We have not as yet used amniotic inoculation for isolating the 
virus, but in light of more recent experience we think it might be preferable to yolk 
sac inoculation, especially from the point of view of suppressing bacterial con- 
taminants.? 

Strain STO was derived originally from a country town 200 miles from Melbourne and strain 
WAL from a town 360 miles from Melbourne. Strain IND was obtained from an Indian seaman 
whose ship had just arrived in Melbourne. As the ship had called at Fremantle 16 days before 
the patient developed symptoms, and at Adelaide 5 days later, and there were no previous cases 
of mumps reported on the ship so far as we could ascertain, it is likely that this strain was 
derived from Fremantle. 





2 Since this paper was sent to the press, saliva was obtained from another case of mumps 
and inoculated into the amniotic cavity along with penicillin and sodium sulphamerazine. The 
virus was isolated and haemagglutinins were present in amniotic fluids from primary passage 
embryos four days after inoculation. 
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CULTIVATION OF THE VIRUS IN THE EMBRYO. 
Yolk Sac Inoculation. 


The time of death of the embryo after yolk sae inoculation varies according to a number of 
factors. As has been mentioned, strains STO and the strain from the monkey killed most, 
embryos 3 or 4 days after inoculation in the 4th and 5th passage but later in some passages most 
of the embryos did not die till the 7th or 10th day. Strains IND and WAL also showed a slight 
falling off in rapidity of killing though they were not as rapidly fatal as the other two in the 
early passages. It is unlikely that this represents any genetic change in the virus. Investigation 
of factors influencing the time of death after yolk sac inoculation has shown that (i) the younger 
the embryos were at the time of inoculation the earlier they died, (ii) eggs incubated at 34° C. 
died earlier than those incubated at 35° C. which died earlier than those incubated at 37° C., 
(iii) the more virus inoculated the earlier the embryos died, and (iv) the nutrition of the fowls 
providing the eggs may be a further factor. Embryos from fowls not given any green feed 
survived longer than those from fowls receiving the usual green feed supplement, but the feeding 
of the fowls was not under our supervision so that these results may not be reliable. 

Embryos dying after yolk sac inoculation show no specific lesions. A useful criterion of 
infection is the appearance of granules floating in the yolk. These are not found exclusively in 
eggs infeeted with mumps virus, being seen occasionally in embryos dying from other infections 
or non-specifically, but practically all embryos dying between 3 and 10 days after inoculation 
with mumps virus have these granules. They are usually visible floating freely in the yolk 
viewed through the yolk sac membrane after removal of the shell membrane and chorioallantois. 
They are amorphous and vary in size up to about 0-5 mm. and are easily broken up to form 
@ smooth emulsion in the yolk fluid. The yolk fluid may give haemagglutination when added to a 
suspension of fowl cells, but yolk sac suspensions usually do not because the yolk sac contains 
an inhibitory substance (Beveridge and Lind, 1946). 

Embryos inoculated in the yolk sac frequently yield amniotic fluid containing virus. Virus 
is found less regularly in the amniotic fluid of embryos dying within 5 days of inoculation. 
Kimbryos inoculated after 7 or 8 days preliminary incubation and examined after 6 or 7 days 
subsequent incubation at 34° C. fairly consistently yield 1 to 2 ml. of high titre amniotic fluid. 
Infected amniotic fluids are usually of smaller volume than uninfected fluids from eggs incubated 
under the same conditions although the reduction in volume is not as great as after inoculation 
directly into the amniotic cavity. This follows Nagler’s (1946) finding with herpes simplex. 
Infected amniotic fluid, whether resulting from yolk sac or amniotic inoculation, is slightly 
opaque and has a bluish hue best described as ‘‘smokey’’. This appearance is not due to the 
presence of glycogen as is a somewhat similar appearance sometimes present in fluid in the 
extraembryonic body cavity. It is removed by absorption with fowl cells and by spinning at 
15,000 r.p.m. but not at 2,500 r.p.m. 


Amniotic Inoculation. 


We have found, as did Habel and Levens and Enders before us, that the virus multiplies 
readily after inoculation into the amniotic cavity. Embryos 8-11 days old have been used with 
success but as a routine we injected 9 or 10 day embryos and harvested the fluid 2-6 days later. 
Embryos inoculated with 0-02 ml. of undiluted amniotic fluid virus usually yield 0-25 to 0-5 ml. 
of amniotic fluid with a haemagglutinin titre between 80 and 320 after 2 days incubation. 
Uninfected eggs yield 1 to 2 ml. of amniotic fluid. After longer incubation higher titres are 
obtained but the amount of fluid obtained is usually still further reduced. Infected fluids have 
the ‘‘smokey’’ appearance described above. No specific lesions have been observed. Amniotic 
fluid virus of the 26th passage of WAL diluted 10~ infected all of 6 eggs inoculated by the 
amniotic route. 


Allantoic Inoculation. 


This route of inoculation was not used until the strains had undergone 15 ce by the 


yolk sac or amniotic routes. Embryos inoculated at 8 or 10 days and incubated 4 days yielded 
allantoic fluids that were positive by complement-fixation. After only 2 days incubation the 
complement-fixation test was negative. 

In the first few allantoic passages most fluids gave haemagglutination only in low dilutions 
or not at all, even after 6 days incubation. This was partly influenced by the inhibitory effect 
of allantoic fluid on the haemagglutination, as discussed by Beveridge and Lind (1946). After 
several passages by the allantoic route the virus now multiplies more readily and fluids harvested 
5 days after inoculation of 8-day embryos mostly give haemagglutination with titres of from 
10 to 100. It will be possible to utilize infected allantoic fluid as a source of virus for vaccine 
experiments. 
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Intravenous Inoculation. 


Eleven day embryos were injected intravenously with amniotic fluid virus. Most of them 
survived 6 days and the amniotic fluid taken from them did not cause haemagglutination. 


Duck Embryos. 


Injection of virus into the yolk sac of 6 or 7 day duck embryos caused death of the embryos 
in 6 to 8 days. The amniotic fluids did not contain sufficient virus to cause haemagglutination. 


Animal Inoculation. 


Apart from the inoculation of monkeys mentioned above, a few other animals have been 
inoculated wtih egg passage virus. Mice were inoculated intranasally. There were some trivial 
lesions in the lungs of some of the first passage mice but in the second passage no virus could 
be detected by chick embryo inoculation. Six rabbits inoculated intravenously with 1 ml. of 
amniotic fluid virus showed no rise in temperature or other abnormality. One cat was inoculated 
intranasally, another had virus injected through the skin into a parotid gland and a testis, 
and a third had virus injected into the cisterna magna. None developed rise in temperature, 
local tenderness or other abnormality. 


Viability. 


Amniotic fluid virus kept in the refrigeratcr up to 8 weeks still proved viable on inoculation 
into embryos. 


SUMMARY. 


Three strains of mumps virus have been isolated in chick embryos from human 
saliva and passaged 15 to 30 times. 


The virus multiplies readily after yolk sac or amniotic inoculation and some- 
what less readily after allantoic inoculation. 
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THERMAL INACTIVATION OF TOMATO SPOTTED 
WILT VIRUS! 
PART 1 
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(Accepted for publication 23rd November, 1945.) 


The thermal death point has long been used to characterize a virus and to dis- 
tinguish between viruses. That for tomato spotted wilt (T.S.W.) virus was 
roughly determined by Bald and Samuel (1931) as ‘‘about 42° C’’. These workers 
carried out the tests on the juice direct. Since then it has been shown that. the 
virus is inactivated at pH values below 6 (Best and Samuel, 1936) and that in 
addition oxidizing systems in the untreated juice cause rapid inactivation of 
the virus (Best, 1937b). In attempts to purify the virus high temperatures are 
recorded in the supernatant liquid during centrifuging. It therefore became 
necessary to redetermine the thermal death point under conditions in which the 
inactivating effects of the pH value of the natural juice (below pH 6) and the 
oxidase-substrate-oxygen system would be eliminated. The results of this work 
are described in the first part of the present paper. 

The thermal death point (defined as the temperature at which a virus is com- 
pletely inactivated in ten minutes) although a useful measurement is nevertheless 
relatively crude and throws little light on the action of heat on the virus. The rate 
of inactivation at a temperature below the thermal death point was studied in 
detail in the belief that this would give a better characteristic of the virus than 
the cruder T.D.Pt. 

Some preliminary experiments on the effects of heat on the virus in the plant 
itself are also described. 


EXPERIMENTAL METHODS. 
Source of Virus. 


Juice expressed from plants of Lycopersicwm esculentum var. Dwarf Champion, which had 
been artificially infected with T.S.W. virus in an insect proof glasshouse as described in previous 
papers, was used in these investigations. 


Setting Up of Tests. 


Thermal death point. For the in vitro tests to determine the thermal death point appro- 
priate quantities of composite buffer solution of pH 7 containing sodium sulphite were run into 
thin walled glass tubes. These were placed into a series of thermostatically controlled water 
baths. When the temperature of the buffers had reached that of the baths enough of the freshly 
expressed juice was added to give a juice concentration of 1 in 8. Ten minutes after the addition 
of the juice the contents of the tubes were poured into porcelain dishes which had been cooled in a 
refrigerator to 1° C. The temperature of the suspensions was brought down to room temperature 
in a matter of seconds. Control suspensions prepared in the same way were kept at room tem- 
perature (within a few degrees of 20° C.). Previous experience had shown that the concentration 
of active virus in such control suspensions in buffer solutions containing a suitable reducing 
agent remained the same over a period of hours at 30° C. and for much longer periods at lower 
temperatures. For controls and tests at 35°C. and 40°C. the suspensions were diluted 10 
times before being inoculated, the inocula thus having a juice concentration of 1 in 80. In 
most other eases the juice concentration at inoculation was 1 in 8. 





1 Part of the cost of this investigation and glasshouse facilities were provided by the 
Council for Scientific and Industrial Research. 
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Rate of inactivation. When the rate of inactivation was determined the procedure was 
similar to that just described but aliquots were withdrawn from the test and control suspensions 
after appropriate time intervals and the inactivating reaction was stopped by a tenfold dilution 
with ice-cold, sulphited buffer solution. This dilution was in any case necessary to prepare 
inocula at virus concentrations at which quantitative comparisons could be made. The require- 
ments here are more exacting than those for the determination of the thermal death point where 
we are only concerned with the presence or absence of active virus and wish to keep the inocula 
as concentrated as possible in respect to virus. 


Estimation of Active Virus. 


The primary lesion method as previously described (Best, 1937a) was used, with Nicotiana 
tabacum, var. Blue Pryor as test plant. For the thermal death point studies whole plants (two 
leaves per plant) were inoculated with any one suspension. It was more important here to 
prevent accidental contamination of inactive by active systems than to get a quantitative estimate 
of virus concentration. 

In experiments to determine the rate of inactivation of the virus at 35° C., test and control 
suspensions were inoculated on to the opposite halves of the same leaves. The leaves themselves 
were arranged in two 6 X 6 Latin squares. The extent of inactivation at any time was calculated 
from the ratio of the number of lesions on the half-leaves inoculated with the test to the number 
on the corresponding half-leaves inoculated with the control. The arrangement of the plants in 
this case served to equalize differences between plants and between leaf positions. 


EXPERIMENTAL RESULTS. 
Thermal Death Point. 


The relative infectivities of suspensions held for ten minutes at various temperatures are set 
out in Table 1.- At and near the critical temperature (45°-46° C.) experiments were repeated 
a number of times and the figures entered in the Table for the number of lesions are average values, 
As every experiment had its own control and as the susceptibility of the inoculated plants varies 
considerably from batch to batch the most common value of about 20 lesions per half leaf is 
entered in the Table for ‘‘room’’ temperatures. Actually the range for the controls was from 
14 to 60 lesions per half leaf. For all temperatures above 40° C. the number of replicates for 
each treatment was 40 half leaves. 


TABLE 1. 


Showing the extent of the thermal inactivation of tomato spotted wilt virus brought about by ten 

minute exposure to the temperatures listed. (Suspensions of infective juice were buffered at pH 7 

and oxidative inactivation was prevented by the addition of sodium sulphite. The concentration 
of infective juice was 1 in 8). 


Temperature °C. Lesions per half leaf. Juice cone. of inoculum. 


NAOMwor 


45- 
46, 47, 50 
Rate of Inactivation at 35° C. 


The results of an experiment to determine the rate of inactivation of the virus in vitro at 
35° C. are set out in Table 2. 


TABLE 2. 


The rate of thermal inactivation of tomato spotted wilt virus at 35° C. (Suspensions of infective 
juice were buffered at pH 7 and oxidative inactivation was prevented by the presence of sodiwm 
sulphite). Infectivity is expressed as a percentage of that of a control suspension at 18° C. 


Time of contact (minutes) 0 10 30 60 120 180 
P.e. active virus 100 81 41 15 1 0 


Half-life period = 20 minutes. 
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Inactiwation of Virus in the Plant. 


Some preliminary experiments were carried out to see whether temperatures which caused 
inactivation in vitro would also inactivate the virus in the plant. The temperature chosen for 
the initial work was 40°C. The cabinets used were those described in previous work (Best, 
1936). Eight Dwarf Champion tomato plants (in pots) which had been mechanically infected 
with T.S.W. virus in the glasshouse were transferred to the cabinets. All showed typical bronze 
spots on the upper leaves. Four plants were placed in a cabinet whose air temperature was 
held at 40°C. and four in a cabinet at 20° C. as controls. Both lots were illuminated con- 
tinuously with four 500 watt mazda lamps giving 800 foot candles at the level of the middle 
leaves. After 24 hours’ exposure to these temperatures the plants were removed, allowed to cool 
to room temperature and then crushed, diluted and inoculated on to tobacco plants. The four 
plants from the test cabinet were bulked and the juice was used to prepare two inocula with juice 
concentrations of 1/10 and 1/100 respectively. These were inoculated against each other on 
the opposite halves of leaves of six tobacco plants. The four control plants were treated similarly, 
but inocula prepared from them were inoculated on six different tobacco plants in order to avoid 
the possibility of chance contamination. 

In another experiment some naturally infected tomato plants grown in the field were also 
tested. In this case the plants were cut and placed in beakers of water in the cabinets. Two 
varieties were tested, Early Dwarf Red and Ponderosa, using six plants in each case. The results 
of these tests are set out in Table 3. The extent of the oxidase reaction with catechol (Best, 
1937) is recorded in the last column of the Table. The lesion counts per half leaf on the inocula 
prepared from the field-grown Early Dwarf Red plants were unusually high and the extent of 
the inactivation was of a different order compared with the others. The lesions themselves were 
very like the typical T.S.W. primary lesions on tobacco but were not as heavily pigmented and 
were somewhat smaller. Some of these field plants were used as source material for thermal death 
point determinations at a time when they were thought to be affected by T.S.W. virus only. The 
juice from these plants was still infective and produced many lesions after 10 minute exposures to 
all temperatures tested up to 60°C. The virus was obviously not T.S.W. and the plants must 
have been infected by a mixture of T.S.W. and some other as yet unidentified virus. 


TABLE 3. 


Illustrating the thermal inactivation of the virus of tomato spotted wilt in tomato plants placed 
in a cabinet at 40° C. for 24 hours. 


Lesions on 12 half-leaves. Oxidase 

Temp. Juice Juice P.c. Reaction 

Source of virus. *C. 1/10. 1/100. inactivation. (8 hours). 
Glasshouse plants 20 117 61 + 
(var. Dwarf Champ.) 40 13 2 97 cee 
Field plants 20 90 58 ++++ 
(Ponderosa) 40 17 6 90 +++ 
Field plants 20 937 658 - 44 
(var. Early Dwarf Red) 40 475 323 51 + 


Field temperatures on 29th January, 1943, during a heat wave a few weeks before the tests 
recorded above, were as follows: air temperature in shade of tomato bush 40° C., air temperature 
in sunlight 42° C., temperature inside a newly ripened 94 gm. tomato fruit 42-3° C. 


DISCUSSION. 


Thermal death point (T.D.Pt.). From Table 1 a thermal death point of 
45-5° C. is indicated. This figure is higher than that previously recorded by Bald 
and Samuel and this is to be expected because of the refinements introduced into 
the present tests. It may be argued that the dilution of the virus to one-eighth of 
its original concentration in the juice might lead to lower values for the T.D.Pt. 
than if the tests had started off without dilution and that the difference should be 
even greater. But the arrest of inactivating processes other than that due to heat 
more than offsets this dilution effect. To obtain reliable results the buffering must 
be adequate and the amount of added reducer sufficient to protect the virus with- 
out causing too high a concentration of electrolyte in the suspension. We must 
also consider the time taken by the test to reach the desired temperature. When 
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1 ml. of juice at room temperature is added to 7 ml. of buffer solution at the tempera- 
ture under test the temperature falls slightly but reaches the desired value in 
little more time than it takes the test to cool to room temperature at the end of 
the test period. The more concentrated the juice the longer does the system take 
to reach the temperature under test. 

From the experiment at 35 ° C. (Table 2) it is clear that thermal inactivation 
must be taking place even while the temperature in such a system is rising from 
35° C. to the test temperature—a range of 10° C. below T.D.Pt. This circum- 
stance must be taken into account in deciding when the 10 minute period is up. 

Rate of inactivation at 35° C. The time of contact at 35° C. is plotted against 
the logarithm of the concentration of active virus in Fig. 1. The inactivation rate 
follows a logarithmic course 
and behaves as a reaction of 
the first order with a half- 
life period of 20 minutes. 

This is an unexpectedly 
rapid rate of inactivation 
at so low a temperature. 
Laboratory temperatures of 
35° C. are relatively fre- 
quent during the summer 
months in Adelaide and 
more than half of the daily 
maximum temperatures re- 
corded in the glasshouse for 
January and February ex- 
ceed this value. 

Fig. 1. Illustrating the rate of thermal inactivation of Inactivation of virus in 


tomato spotted wilt virus at 35° C. (at pH 7 in presence vivo. The data presented 
of reducer to prevent oxidative inactivation). in ‘Wille 3 chow thet the 


greater part of the virus in 
the plants was inactivated after 24 hours’ exposure to an air temperature of 
40° C., but that inactivation was not complete. The cooling effect of 
evaporation of water from the soil or container would keep the portions 
within the soil a few degrees below air temperature. For this reason the plants 
were harvested one inch above ground level. Reference to temperatures 
prevailing in the field as recorded at the end of Table 3 lead to the conclusion 
that considerable inactivation of the virus in the plant must occur in field plants 
in hot weather. However, the small amount of virus which survives after 24 
hours’ continuous exposure to an air temperature of 40° C. is enough to carry the 
infection over into the cooler weather which follows these heat waves. It is diffi- 
cult to see how the virus can survive in the leaf tissues at these temperatures but 
the underground portions would normally be considerably cooler. In some pre- 
vious work designed to find the distribution of the virus in the plant, active T.S.W. 
virus was found in roots when these were crushed in the presence of sulphited 
buffer. 

It has been our common experience that tomato plants grown in the glass- 
house during the hotter part of the summer are useless as a source of T.S.W. virus 
for in vitro experiments and that even plants grown in the open field yield inocula 
with active virus concentrations too low for quantitative primary lesion work if 
the plants are harvested during or just after a heat wave. The new growth which 
appears just after such periods is, however, very strongly bronzed and yields a 
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juice with very high concentrations of active virus. These observations are readily 
explained in the light of the experiments reported in this paper. T.S.W. virus in 
the above-ground portions of plants would be reduced to negligible proportions 
in the daytime during a heat wave but the small amount of virus surviving there 
or in the roots would multiply during the cooler nights and so carry over into 
the ‘‘cool change”’ period. 

The anomalous results obtained with Early Dwarf Red field plants are clearly 
due to the presence along with T.S.W. of another virus having a T.D.Pt. above 
60° C. The virus was not identified because its high T.D.Pt. was not established 
until the end of the growing season and it was impracticable to handle another 
virus in the glasshouse. However, the experience demonstrates the unsuitability 
of field grown plants for experiments of this kind. For this reason little weight 
can be given to the difference between the behaviour of field and glasshouse plants 
in respect to the oxidase reaction (Table 3). However, it is of some interest to 
note that in the case of glasshouse plants infected with T.S.W. the plants which 
were exposed to 40° C. gave a stronger oxidase reaction than the controls held 
at 20° C. 


SUMMARY. 


The thermal death point of tomato spotted wilt virus has been, determined 
under conditions which preclude inactivation by means of oxidation and an un- 
favourable pH value. The highest temperature at which active virus could be 
demonstrated after a ten-minute exposure was 45°C. No active virus could be 
demonstrated in suspensions held for ten minutes at 45-5° C. or at higher tempera- 
tures. The thermal death point is therefore 45-5° C. or 46° C. if we are to neglect 
fractions. 

The rate of inactivation of T.S.W. virus at 35° C. in vitro was found to follow 
a logarithmic course and to behave as a first order reaction with a half-life period 
of 20 minutes. 

In preliminary experiments on the thermal inactivation of the virus in viwo, 
97 p.c. of the virus in glasshouse tomato plants infected with T.S.W. was inacti- 
vated in plants exposed to an air temperature of 40° C. for 24 hours. Field mate- 
rial behaved similarly but in this case the results were complicated by the pre- 
sence of another virus along with T.S.W. 


The bearing of these results on experience during heat waves and cool changes 
is discussed. 
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In a previous paper (Best, 1940) the inactivating effect of solutions of potas- 
sium salicylate on tobacco mosaic virus and tomato spotted wilt virus was re- 
corded. More detailed studies of the rate of inactivation of tobacco mosaic virus 
by salicylate were recorded subsequently (Best, 1945). It was there pointed out 
that the rate of inactivation as measured by the half-life period of the virus pro- 
vided a convenient method for comparing the susceptibility of different viruses to 
a particular inactivant as well as providing a means for comparing the relative 
efficiency of different inactivants. The present paper presents the results of fur- 
ther work on the rate of inactivation of tomato spotted wilt virus by potassium 
salicylate. The critical concentration for inactivation has been determined and 
the half-life periods of the virus at concentrations of salicylate in the range of 
rapid inactivation are recorded. 


EXPERIMENTAL METHODS. 
Source of Virus. 


Plants of Lycopersicum esculentum, var. Dwarf Champion, raised in an insect-proof glass- 
house were artificially inoculated on the lower leaves with tomate spotted wilt (T.S.W.) virus at 
weekly intervals to ensure a steady supply of infected plants. From two to three weeks after 
inoculation, and shortly after the appearance of brown necrotic lesions on the systemically 
invaded upper portions, the top halves of the plants were harvested and crushed in a porcelain 
mortar. The juice was expressed by hand through fine bishop’s lawn and was used at once 
as a source of the virus for the tests described below. 


Setting Up the Tests. 


The virus of T.S.W. undergoes very rapid inactivation in the juice expressed from infected 
plants, so that for work of this nature the use of concentrates is unsuitable. The loss of infect- 
tivity of the neat juice is so rapid that the action of other added inactivants is likely to be 
obscured by those naturally present in the juice unless the action of these is either eliminated 
or reduced. The pH value of the juice, too, is well on the acid side of 7, the value chosen for the 
tests. Suspensions of virus were made up by adding a measured quantity of neat juice to a 
buffer solution of pH 7 containing a reducing agent which prevented the oxidative inactivation 
of the virus (Best and Samuel, 1936; Best, 1939). The buffer solution used was the 0-04 M 
composite buffer described in previous papers, and it was made 0-02 M in respect to cysteine, the 
whole being adjusted to pH 7. 

The appropriate amounts of buffer and salicylate were pipetted into thin-walled test tubes 
and the mixture was placed in a water bath thermostatically controlled at 30° +0-1°C. 
Freshly expressed juice from infected tomato plants was then added to make the juice concen- 
tration 1 in 4. The reaction was stopped by diluting with the cysteine-containing buffer of pH 7 
to give a final juice concentration of 1 in 40 in the earlier experiments (salicylate concentrations of 
0-04 M and greater) and 1 in 80 for the concentrations below 0-04 M. The control suspensions 
were prepared in the same way except that no salicylate was added. The diluted suspensions then 
became the inocula. 


Estimations of Active Virus. 


At appropriate times aliquots of test and control suspensions were withdrawn, diluted as 
described above and inoculated on to the leaves of plants of Nicotiana tabacum var. Blue Pryor, 
using the opposite half-leaf method as previously described (Best, 1937). The tobacco plants 
had been trimmed to two leaves per plant and were transferred to the laboratory 24 hours before 





1 Glasshouse facilities and part of the cost of this investigation were provided by the 
Council for Scientific and Industrial Research. 
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being inoculated. The number of replicates per treatment varied from experiment to experiment 
between the limits of 8 and 24. The amount of active virus remaining in the tests at any time is 
expressed as a percentage of the amount in the control suspension at the same time. 


EXPERIMENTAL RESULTS. 
Effect of Concentration. 

At concentrations of K salicylate above 0°25 M the virus was inactivated practically 
instantaneously. At and below 0-01 M salicylate there was no measurable inactivation in the 
time allowed in these experiments. Rates of inactivation for concentrations between 0-25 M and 
0-01 M are set out in Table 1. 


TABLE 1. 
The inactivation of tomato spotted wilt virus by potassium salicylate at pH 7 and 30° C. 


Molarity of P.c. active virus at 

salicylate. 0. 10 mins. 30 mins. 60 mins. 
100 0 0 
100 1 0 
100 21 1 
100 30 12 
100 64 40 21 
100 55 44 24 
100 69 74 39 
100 _ _— 100 


* After 90 mins. and 120 mins. contact the p.c. active virus was 6-6 and 2-5 respectively. 


The plot of time of contact against concentration of active virus is shown in Fig. 1 for 
0-04 M salicylate at 30° C. 
Effect of Temperature. 


To determine the effect of temperature on the rate of inactivation, two preliminary expert- 
ments were carried out at 20° C. The results are set out in Table 2. 


TABLE 2. 


The inactivation of tomato spotted wilt virus by potassium salicylate at pH 7 and 20° C. 
Molarity of P.c. active virus at Half-life 
salicylate. 0. 10 mins. 30 mins. k, (minutes). 

0-10 11 -- (0-096) (3) 
0-07 62°5 31 0-017 18 


DISCUSSION. 


The inactivation of T.S.W. virus in 0-04 M salicylate proceeds at a rate 
which is convenient for quantitative studies. When the time of contact is plotted 
against the logarithm of the amount of active virus present at any time the points 
fall about a straight line as shown in curve B of Fig. 1. The velocity constant 
ealculated as for a first order reaction is set out in Table 3 and is a very satisfactory 
constant. 

TABLE 3. 


Rate of inactivation of the virus of tomato spotted wilt by 0-04 M: potassium salicylate 
at pH 7 and 30° C. 


Time of contact P.c. active virus 
in minutes. at time t. 
(t) (Vt) 
100 — 
64 0-019 
40 0-013 
21 0-011 
6-6 0-013 
2°5 0-013 


k from the slope of curve (Fig. 1) = 0-013. Half-life period = 23 minutes. 


k = l/t log ¥ 
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At concentrations above 0-04 M the rate of inactivation is too rapid and at 
the lower concentrations the changes are not large enough for equally accurate 
determinations of the half-life periods. However, in all cases the plot of the time 
of contact against log active virus is a straight line within the experimental error 
of the method. The half-life periods for the various concentrations of salicylate are 
set out in Table 4. 

TABLE 4. 
Half-life periods of tomato spotted wilt virus in potassium salicylate at pH 7 and 30° C. 
k 
Molarity of Vel Vo Half-life 
salicylate. t 0B -y, (minutes). 
(0-10 -20 
0-07 -067 
0-05 -037 
0-04 -013 
0-03 -010 
(0-02 -007 
* From a curve based on two points (see Table 1). 
t Doubtful on account of relatively low rate and high variability. 
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LOG. HALF-LIFE PERIOD (MINUTES) 
Fig. 1. Illustrating the rate of inactivation Fig. 2. Illustrating the relationship 
of tomato spotted wilt virus by 0-04 M potas- between molarity of inactivant (sali- 
sium salicylate at 30° C. and pH 7. eylate) and the half-life period of 
tomato spotted wilt virus (pH 7, and 
30° C.). 


In a previous paper (Best, 1945) it was shown that in the case of inactivation 
of tobacco mosaic virus by salicylate a straight line relationship appeared to hold 
between salicylate concentration and the logarithm of the half-life over a range 
of salicylate concentrations above 0-54 M but not below this concentration. In 
the case of T.S.W. virus a straight line is obtained when the molarity of salicylate 
is plotted against the logarithm of the half-life period and this relationship holds 
over the whole range investigated, as shown in Fig. 2. The equation of this line 
is of the form M = SH + C, where M = molarity of salicylate, S = slope of the 
line, H = log. half-life, and C is a constant. 

As C is the intercept of the line on the ordinate, it represents the value of 
M when H =O. The slope of tha line has a value of —0-055 and C = 0-11 (i.e. 
at 0-11 M salicylate H — O and the half-life period is 1 minute). The equation 
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connecting molarity of salicylate and the half-life period of T.S.W. virus (at 
30° C. and pH 7) is therefore M = 0-11—0-055H. 

Observed values for H (and the corresponding half-life periods) and those 
calculated from the above equation are in good agreement as shown in the fol. 
lowing table: 


Molarity of . Half-life (minutes). 

salicylate. 3 Obs. Cale. Obs. 
0-10 : 0-18 ‘ 1°5 
0-07 : 0-65 ° 4:5 
0°05 . 0-91 8 
0-04 , 1-36 23 
0-03 é 1-48 30 
0-02 . 1-63 43 


As pointed out previously (Best, 1945), the straight line relationship between 
molarity of salicylate and log. half-life holds for tobacco mosaic virus only over 
part of the concentration range investigated. The slope of the line for tobacco 
mosaic is —0-28 or five times the slope of the corresponding T.S.W. curve. 

In the case of tobacco mosaic the departure of points from this line ait the 
lower salicylate concentrations may be due to inadequacies of the primary lesion 
method or may be real, the full curve being of the nature of a hyperbola in which 
the experimental range itself falls along the near-straight line portion, of the 
hyperbola. In such a ease the difference between the requirements of the equations 
to the straight line and the hyperbola would be small compared with the experi- 
mental error and both could be satisfied by the data over the range of concentra- 
tions involved. The product molarity x log. half-life does in fact approximate 
to a constant over the range where virus estimations are most reliable for both 
mosaic and T.S.W. It may be that the relationship is not a simple one at all. If 
there is a threshold concentration below which no inactivation takes place we 
may expect the full curve to be made up of two straight lines joined by a hyper- 
bolic curve over the transition stage. The first lina would be as shown in Fig. 2 
and the second would be parallel with the log. half-life axis and at a level above 
it corresponding to the threshold concentration of salicylate below which no in- 
activation takes place. 

It would appear that existing techniques are inadequate to distinguish between 
these possibilities. In the meantime it would be a great convenience to have 2 
means of assessing the relative susceptibility (or resistance) of different viruses 
on the one hand and the relative efficiency of inactivants on the other. The methods 
commonly used to express the efficiency of disinfectants are not particularly suit- 
able. The yard-stick we are looking for would be a function of molarity of the in- 
activant and of the half-life period of the virus. When comparing the suscepti- 
bility of viruses the ratio of molarities associated with similar half-life periods 
would serve this purpose if its value did not vary according to which particular 
half-life was taken as the standard. Unfortunately this ratio varies from 16 to 32 
for the viruses of tobacco mosaic and T.S.W. However, in the absence of a better 
measure, the mean value of this ratio (24) will serve for purposes of comparison. 


Temperature Coefficient of the Inactivation Reaction. 

From the rate of 20° C. recorded in Table 2 and those at 30° C. recorded in 
Table 1 the temperature coefficient for a 10° rise in temperature (Qi9) may be 
calculated. 


This value of 3-9 is in line with the highest values obtained for chemical reactions. 
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If the empirical relationship for irreversible reactions found by Arrhenius 
(1889) between the rate of reaction and absolute temperature is applied to the 
above results a value of 12,168 is obtained for the Arrhenius constant A. 


SUMMARY. 


Tomato spotted wilt virus is inactivated by solutions of potassium salicylate 
at and above a concentration of 0-02 M (at pH 7 and 30° C.). At and above a 
salicylate concentration of 0-25 M the inactivation is instantaneous. Between 
0-02 M and 0-07 M the rate of inactivation proceeds at a measurable speed and 
was found to follow a logarithmic course. At 0-04 M salicylate the velocity con- 
stant (at 30° C. and pH 7) calculated for a first order reaction was found to be 
0-013 and the half-life period of the virus was 23 minutes. The half-life periods 
of the virus in 0-10. 0-07, 0-05, 0-03 and 0-02 molar salicylate were found to be 
1-5, 4-5, 8, 30 and 43 minutes respectively. 

When the logarithm of the half-life is plotted against the molarity of salicy- 
late a straight line is obtained which has the form: molarity—0-11—0-055 log. 
half-life. 

The temperature coefficient (Q;9) for the inactivation of T.S.W. virus by 
salicylate between 20° C. and 30° C. was found to be 3-9 and the Arrhenius con- 
stant A to be 12,000. 
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The ability of staphylococci to coagulate plasma is regarded as the best single 
test of their pathogenicity. In the usual method diluted plasma in test tubes is 
inoculated with staphylococci, the presence or absence of a clot being noted after 
incubation at 37° C. 


Penfold (1944) used a solid medium for the test. Colonies of coagulase- 
producing staphylococci grown on agar containing 20 p.c. human plasma were 
surrounded by zones of opacity in the medium. Reid and Jackson (1945) 
described a similar test and recommended the use of plasma agar plates in the 
primary isolation of pathogenic staphylococci. The medium could be stored in 
the cold for at least a month. 

The purpose of this paper is to report the results obtained here when this 
medium was used to test a number of strains of staphylococci of known charac- 
teristics. 


MATERIALS AND METHODS. 


Plasma agar. Nutrient agar was melted, cooled to 45° C. and 20 p.c. oxalated human plasma 
added. The mixture was then poured into Petri dishes, allowed to solidify and stored at 4° C. 
until required. 

Nine strains were ‘‘ spot inoculated’’ on to each plate with a heavy inoculum from a 24 hours’ 
agar slope culture and readings made after 4 hours’ and 24 hours’ incubation at 37° C. Inocula 
from broth cultures were found to be less satisfactory since results were less definite after 4 hours. 

Citrated plasma gave the same results as oxalated plasma. 

Tube test for coagulase. Oxalated human plasma, diluted ten times with normal saline, 
was dispensed in small tubes, 2 ml. per tube. These were inoculated from 24 hours’ agar slope 
cultures and the presence or absence of a clot noted after 4 hours’ and 24 hours’ incubation at 
37° C. 

Fibrinolysin production. This was determined by inoculation of agar plates rendered turbid 
with heat-precipitated fibrinogen (Christie and Wilson, 1941). 

Fibrinogen solution. A saturated solution of sodium chloride was added to an equal volume 
of oxalated human plasma and the mixture stored overnight at 4° C. The precipitated fibrinogen 
was separated by centrifugation and re-dissolved in an amount of distilled water equal to that of 
the original volume of plasma. 


RESULTS. 


Table 1 shows the results obtained when 151 strains were tested for coagulase production by 
the tube and the plasma agar plate methods. Of 86 strains positive by the tube test, 76 gave a 
positive reading on the solid medium after 4 hours and 82 after 24 hours. Two strains were 
negative after 4 and 24 hours, 8 were negative after 4 hours and positive after 24 hours, while 
2 were positive after 4 hours and negative after 24 hours. Of the 65 strains which were negative 
by the tube test, 5 showed narrow faint bands on the plates after 4 hours and 22 after 24 hours. 

The zones of opacity varied in intensity and width with different strains and with different 
samples of plasma. Some strains gave a narrow intense zone around the colony, others a broad 
faint zone, while some showed both types of opaque zones. 

The broad faint zone appearing in 4 hours was in no case given by a coagulase-negative 
strain. All these zones at the end of 24 hours’ incubation were more extensive and some gave an 
annular effect with a clear zone between the colony and the opaque zone (as reported by Reid 
and Jackson). 
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TABLE 1. 


Comparison of the tube test for coagulase production by staphylococci and the formation of opaque 
zones on plasma, serum and fibrinogen agar plates. 
Tube test for No. of Plasma agar. Serum agar. Fibrinogen agar. 
coagulase. strains. No. positive. No. positive. No. positive. 
4 hrs. 58 22 60 
24 hrs. 58 60 59 


Negative 65 4 hrs. 5 5 0 

24 hrs. 22 24 18 
Animal strains Positive 24 4 hrs. 18 18 22 
24 hrs. 24 24 24 


Positive 62 


Human strains { 


Difficulty was experienced in detecting the opacity given by positive strains with some 
samples of plasma. 

The false positive zones given by coagulase-negative strains at the end of 4 hours were all 
much narrower, but this cannot be used as a distinguishing feature, since a few of the ‘‘ true 
positives’’ were similar. Of the 22 ‘‘false positives’’ after 24 hours’ incubation, 7 were distin- 
guishable from the true reaction in that they gave only narrow intense zones close to the colony, 
but one coagulase-positive strain gave a similar reaction. Six of the false positive reactions 
were indistinguishable from those given by coagulase-positive strains. The remaining 9 gave 
zones, similar to the ‘‘ true positives’’ in appearance, but fainter and less extensive. 

The tests were then repeated using serum agar in place of plasma agar. The tests were done 
in triplicate using serum obtained by clotting oxalated plasma and two different batches of 
serum obtained from naturally clotted blood samples. Very faint zones of opacity were seen 
with some strains at the end of 4 hours. After 24 hours, 84 of the coagulase-positive strains 
and 24 of the coagulase-negative strains showed zones of opacity (see Table 1). Of these, 51 
were similar to those shown in plasma agar by coagulase-positive strains and 57 were of a narrow 
intense kind. Six of the coagulase-negative strains gave zones similar to those of the coagulase- 
positive strains. The intensity of all these reactions varied with the batch of serum used. 

The appearances suggested that there were 3 agents capable of causing opacity, one given 
by coagulase-positive strains, one with a similar effect given by coagulase-negative strains, and a 
third causing the intensely opaque zones. That the first two of these were different although 
they gave a similar effect, could be shown by growing a colony of each close to each other on a 
plasma agar plate. Where the faintly opaque zones overlapped, an area of intense opacity 
appeared. This overlap phenomenon did not show when two coagulase-positive strains were 
grown together. 

It seemed possible that the false positive reactions obtained on plasma agar were due to one 
or two of these agents and that the true reactions given by coagulase would be the only one which 
would show if fibrinogen agar were used. Plates of this medium were prepared from agar and 
fibrinogen solution mixed at 45° C. The results are shown in Table 1. Eighty-two of the 86 
coagulase-positive strains gave faint broad zones of opacity after 4 hours. There were no false 
positive reactions after 4 hours but 18 of the 65 coagulase-negative strains gave zones of opacity 
after 24 hours, 9 of these being similar in appearance to those of the coagulase-positive strains, 
the reaction given by the other 9 being much weaker. In the case of the fibrinolytic strains, the 
zones of opacity, after 24 hours’ incubation, were indefinite and much fainter than after 4 hours, 
while in the case of the non-fibrinolytic strains, the zones of opacity were of the same intensity 
but broader. None of the zones of intense opacity which showed with plasma or serum appeared 
on fibrinogen agar, so that this effect is probably due to the action of an agent other than coagulase 
on serum albumin or globulin. 

Since plasma agar is more easily obtained than purified fibrinogen agar, an attempt was 
made to modify the test so that only the effect on the fibrinogen would be shown. Plates were 
prepared from nutrient agar containing 2 p.c. human plasma and, after the staphylococci had been 
incubated on them for 24 hours, the fibrinogen was precipitated by flooding the plates with 1 p.c. 
acetic acid. Clear zones showed around some of the colonies, the medium unaffected by exudate 
becoming turbid. The staphylococci which gave clear zones were nearly all coagulase-positive, 
but some of the results were indefinite and control plates with serum instead of plasma showed 
that an effect, though much weaker, was obtainable in the absence of fibrinogen. The tests were 
therefore repeated on nutrient agar containing isolated fibrinogen in place of plasma. Definite 
elear zones were again obtained, indicating that some of the staphylococci had so altered the 
fibrinogen that it was no longer capable of being precipitated with acetic acid as it normally is. 
A change of the nature of fibrinolysis must have occurred. When the results with a series of 
strains were examined, there was good but not complete agreement with the results of the 
coagulase tests, and with the results of lysis of heat-precipitated fibrinogen. Three coagulase- 
positive strains which did not lyze heat-precipitated fibrinogen, as most pathogenic strains do, 
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gave positive results with the above test while two others were negative by both tests. Of 27 
coagulase-negative strains, 23 were negative by both tests, the remaining four being positive with 
the acetic acid test only. 
Liquefaction of gelatine by the various strains did not correlate with any of the tests with 
fibrinogen. 
DISCUSSION. 


The use of solid medium for testing for coagulase production has not been 
as successful in our hands as in those of Penfold, Reid and Jackson. This is pos- 
sibly due to the larger number of strains we used. The most reliable results were 
obtained when fibrinogen solution was added to the agar instead of plasma. This 
medium gave four false-negative but no false-positive results out of 86 coagulase- 
positive strains tested, provided readings were made after four hours’ incubation. 
After 24 hours’ incubation, one false negative and 18 false positive results were 
obtained. 

There are at least four agents elaborated by staphylococci which give opacity 
on human plasma agar. One of these is coagulase. Staphylococcal 8 toxin which 
causes opacity in human serum (Christie and North, 1941; Fulton, 1943) 
is another, and two others are elaborated by coagulase-negative strains, none of 
which produces 8 toxin. At least one of the agents produces the opacity from 
serum in the absence of fibrinogen. 

From the results with fibrinogen agar, it is evident that staphylococci can 
affect fibrinogen in three ways. They can induce coagulation, cause lysis of fibrino- 
gen in the heat-precipitated form or alter it so that it is no longer precipitable with 
acetic acid. 

There are at least two agents responsible for these three effects since coagu- 
Jase-negative strains can produce the lytic reactions. Whether the lytic phe- 
nomena are due to two agents or are both caused by the same agent in differing de- 


gree or with interfering substances preventing complete agreement, is not certain. 
Until these reactions have been more completely investigated, the results of the 
plate test for coagulase should be treated with reserve. 


SUMMARY. 


Eighty-six coagulase-positive strains and 65 coagulase-negative strains were 
tested for coagulase production on plasma agar plates. Four false negative and 
22 false positive reactions were obtained. A further lack of specificity of the test 
for coagulase was shown by the fact that zones of opacity also formed on serum 
agar. 

More accurate results were obtained if fibrinogen agar plates were used and 
readings were made after four hours. There was evidence that at least four agents 
ean be elaborated by staphylococci capable of producing opacity on human plasma 
agar, only two of which have been shown to be indicative of pathogenicity. 

Two different effects on fibrinogen, apart from coagulation, induced by sta- 
phylococei, are described 
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Stephenson and Stickland (1931, a), set out the evidence for the presence in 
Escherichia formica of an enzyme, hydrogenase, considered to catalyze the re- 
action, Hy = 2H’ + 2e. Reversibly reducible dyes, nitrate, fumarate and mole- 
cular oxygen were shown to be the hydrogen acceptors. The reduction of sulphate 
to sulphide, and of carbon dioxide to methane in the presence of other bacteria was 
shown later to be catalyzed, probably by the same enzyme; Stephenson and Stick- 
land (1931, b; 1933). Green, Stickland and Tarr (1934) demonstrated that the 
reaction was catalyzed in a completely reversible way by the hydrogenase system 
of E. coli. The E6-0-42 v is that of the most negative reversible oxidation-reduc- 
tion system yet described in living cells. 

Woods (1938) studied the reduction of nitrate by Clostridium welchii and 
E. colt in the presence of molecular hydrogen. Using cells of Azotobacter vine- 
landii and extracts from these cells ground with glass, Wilson and Wilson (1942) 
studied the effect of potassium cyanide, sodium azide, carbon monoxide and hydro- 
xylamine on the Knall-gas reaction. Wilson, Lee and Wyss (1941) had found 
that molecular hydrogen inhibited symbiotic nitrogen fixation. Kalnitsky and 
Werkman (1943) showed that hydrogenase was one of the enzymes in cell-free 
extracts of EZ. coli. Using suspensions of cells of Proteus vulgaris and B. lactis 
aerogenes catalyzing the exchange of hydrogen between deuterium and water; 
Hoberman and Rittenberg (1943) obtained evidence that hydrogenase may be an 
iron protein, active only in the ferrous state. 

Evidence that hydrogenase may be an adaptive enzyme has been obtained by 
Foster (1944) during a study of oxidations catalyzed by Rhodospirillum. The 
literature dealing with the réle of hydrogen in the metabolism of the photosynthe- 
tic algae has been reviewed recently by Gaffron (1944). 

The present communication records observations on the utilization of mole- 
cular hydrogen by suspensions of E. colt in the presence of (a) an artificial hydro- 
gen acceptor and (b) molecular oxygen. 


METHODS. 


Organisms. A laboratory strain of EZ. coli was used, and maintained on nutrient agar. When 
required for suspensions, the organisms were grown on nutrient broth containing 1 p.c. glucose, at 
7° C. for 18 hours. The pH of the medium was 7-4. The organisms were centrifuged, washed 
once with distilled water and the final suspensions made up in distilled water. Only fresh sus- 
pensions were used in these experiments. Dry weight determinations were made by drying to 
constant weight at 100° C. 

Hydrogenase activity. This was observed at 38° C. using Warburg manometers with vessels 
carrying two side-arms. It was considered desirable to have sodium hydroxide and folded filter 
paper in the centre compartment during gas absorption except in those experiments where cyanide 
was present also. The most satisfactory hydrogen acceptor was methylene blue. The sample 
used was that manufactured by G. T. Gurr, London. The marked hydrogenase activity of these 
organisms necessitated the use of dilute suspensions. Under these conditions the blank hydrogen 





38 J. LASCELLES anp J. L. STILL 


uptake in the absence of added acceptor was negligible; this is in agreement with the statement 
made by Stephenson and Strickland (1931a) that hydrogenase appeared not to be coupled readily 
with those systems responsible for the endogenous metabolism of E. coli. 
In the experiments on the Knall-gas reaction, 
100 mixtures of hydrogen and oxygen, and nitrogen 
and oxygen were made up in Douglas bags and 
samples were analysed in the Haldane gas analysis 
apparatus. Stronger suspensions of the organisms 
were required for the Knall-gas reaction. How- 
ever, here again gas changes in the hydrogen con- 
trol and the nitrogen-oxygen control manometers 
were very small. 

In some experiments Thunberg tubes were neces- 
sary. Using either technique, the hydrogen and 
nitrogen were passed through heated silica tubes 
containing copper turnings to remove oxygen, and 
the gases so treated then bubbled through sodium 
Oo j | | | hydroxide. Carbon monoxide was prepared from 


5 6 8 9 [O oxalie acid. 


/ 
PH REACTION WITH METHYLENE BLUE. 
Fig. 1. Effect of H-ion concentra- : ‘ 
tion. Each Warburg vessel contained Effect of H-ion Concentration. 
1-0 ml. suspension (0°3 mg. dry Using phthalate, phosphate and borate buffers, 
weight,), 1-4 ml. M/5 buffer, and the variation of hydrogen uptake with the change 
0-3 ml. distilled water. The side con- in pH was as shown in Fig. 1. A few experiments 
tained 0-3 ml. M/27 methylene blue, using suspensions of A. aerogenes gave the same 
and the centre compartment 0-2 ml. result for that organism. The optimum pH for 
20 p.c. NaOH. hydrogenase activity when methylene blue is the 
acceptor is about 8-0. This corresponds with the 
second of the two optima observed by Stephenson and Stickland (1931a), who observed that in 
E. formica optima occurred at 6-5 and 8-0, the activity being greater at 6-5. 








Effect of Variation in Concentration of Methylene Blue. 


This is shown in Table 1. 


TABLE 1. 
Variation of hydrogen uptake with concentration of methylene blue. 


Each Warburg vessel contained 1-0 ml. suspension (0-3 mg. dry wt.), 1-2 ml. M/5 phosphate 

buffer pH 7-3 ond 0-2 ml. 20 p.c. NaOH (centre compartment). The methylene blue was added 

from the side-arm and the final volume of the reacting fluids was made up to 3-2 ml. with 
distilled water. 


Methylene blue concentration. Hydrogen uptake/4 mins. 


M/770 
M/270 
M/200 
M/150 
M/135 
M/100 


Effect of Dilution of Suspension. 


Suspensions of E. coli of dry weight about 0-3 mg. per ml. were found most suitable for use 
in these experiments. The hydrogenase activity decreased rather more than proportionately 
after dilution, but no coenzyme effect could be demonstrated. 


Effect of Preliminary Incubation with Oxygen and Hydrogen. 


To each of six Thunberg tubes 4-5 ml. of suspension (0-8 mg. dry wt./ml.) were added. Two 
tubes were filled with oxygen, two were evacuated and filled with hydrogen and two were 
evacuated and filled with nitrogen. One tube of each pair was kept at room temperature and 
the other at 38° C. for 21 hours. Hydrogenase activity was then determined manometrically. 
The results are summarized in Table 2. 
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TABLE 2. 


Effect of preliminary incubation on hydrogenase activity. 


Each Warburg vessel contained 1-0 ml. suspension, 1-4 ml. M/5 phosphate buffer pH 7-3. The 
side-arm contained 0-3 ml. M/27 methylene blue. 


Inecubated in 
Hydrogen 


Temperature during incubation. 
18° C. 
38 
18 
ie 38 
Oxygen 18 
ra 38 


Nitrogen 


Hydrogen uptake/10 mins. 
173 wl. 
157 
173 
48 
31 
0 


Attempts were made to reactivate the oxygenated suspensions by subsequent incubation with 


succinate. These were unsuccessful. Stephenson and Stickland 


(1931a) observed that shaking 


in air gradually inactivated the hydrogenase. Hoberman and Rittenberg (1943) showed that the 
exchange reaction catalyzed by Proteus vulgaris was completely inactivated by incubation with 
oxygen for 24 hours, and that this inactivation was reversed after incubation with hydrogen. 


Effect of Various Inhibitors. 


The effect of a number of the usual enzyme inhibitors on the uptake of hydrogen was 


examined and the degree of inhibition listed in Table 3. 


TABLE 3. 
Effect of Inhibitors. 


In each instance the cells were incubated with the inhibitor in the concentration given, for 
10 minutes before the hydrogen uptake was determined. The contents of the Warburg vessels 


were as before. 


Inhibitor. Final concentration. 


Ethyl urethane 
Ethyl urethane 
Ethyl urethane 
Todoacetic acid 


M/1 
M/2 
M/5 
M/100 


Copper sulphate 
Mercuric sulphate 
o—Nitro—phenol 
p-Nitro-phenol 
Sodium arsenite 
Sodium pyrophosphate 
Sodium selenite 
Sodium fluoride 
Toluene 


M/10,000 
M/10,000 
M/1,000 
M/1,000 
1/10 satd. 
M/50 
M/50 
M/50 
satd. 


P.c. inhibition. 
44 


Sodium nitrite. This compound is a product of the coupled reaction between hydrogen and 


nitrate in the presence of hydrogenase and nitratase. 


It inhibited the uptake of hydrogen by 


methylene blue under the conditions of these experiments, the inhibition being more marked 


at a lower pH, as shown in Table 4. 
TABLE 4. 


Effect of nitrite on the hydrogen uptake. 


Contents of the Warburg vessels were as before. Dry weight of the suspension 0-35 mg. 


Nitrite concentration. H. 
0 ° 108 ul. 
M/500 ° 18 
M/100 ° 13 

0 


155 
M/500 


88 
M/100 39 


Hydrogen uptake/10 mins. 


P.c. inhibition. 


83 
88 
43 
75 
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Woods (1938) observed that the hydrogen uptake of Cl. welchii in the presence of nitrite fell 
off sharply under conditions more acid than pH 6-5. A strain of E. coli used in the same in- 
vestigation, reduced nitrate, nitrite and hydroxylamine to ammonia in the presence of hydrogen. 
Stickland (1931) could detect no reduction of nitrite by EZ. coli in the presence of hydrogen. 

The organism used in this present work did not decompose nitrite in the presence of hydrogen 
and methylene blue (E§= + 0-01 v.), but reduced it to ammonia in the presence of hydrogen 
and benzyl viologen (Eg = — 0°36 v.). However, this reduction with benzyl viologen took place 
only at a relatively low concentration of nitrite and under conditions more alkaline than pH 6-8. 

Potassium cyanide. In view of the suggestions made by Hoberman and Rittenberg (1943) 
that hydrogenase may be an iron porphyrin enzyme active only in the ferrous state, it was 
desirable to investigate the effects of certain inhibitors on the cells before and after incubation 
with hydrogen and oxygen. For this purpose, the suspensions were treated as follows. Two pairs 
of manometers were set up in the usual manner. In the side-arm of one manometer of each pair 
was placed 0-3 ml. M/50 KCN. The othcr manometer contained 0-3 ml. distilled water. One 
pair was filled with hydrogen and the other with oxygen. Each pair was then shaken at 38° C. 
for 10 minutes. The cyanide was then tipped into the suspension and the shaking continued 
for a further 5 minutes. The manometers were then removed from the bath, cooled, refilled with 
hydrogen and the hydrogen uptake determined in the usual manner. A third pair of manometers 
was set up in which the cyanide was in contact with the suspension for the 10 minutes equilibra- 
tion period before the hydrogen uptake was determined. The results are summarized in Table 5. 


TABLE 5. 
Effect of cyanide. 
Contents of vessels as before. Suspension dry wt. 0-3 mg. pH 7:3. 


Concentration Preliminary Hydrogen uptake 
of KCN. incubation in in 10 mins. P.c. inhibition. 


0 None 153 wl. —- 
M/500 None 20 87 
0 Hydrogen 151 — 
M/500 Hydrogen 37 75 
0 Oxygen 100 _ 
M/500 Oxygen 2 98 


While there was marked inhibition of the hydrogen uptake by cyanide, the differences due 
to incubation with hydrogen and oxygen were not sufficiently clear-cut to justify the conclusion 
that the hydrogenase is active only in the reduced state. However, it is clear that cyanide 
inhibits the hydrogenase more markedly when added to the suspension in the presence of oxygen. 
Stephenson and Stickland (193la) recorded that cyanide in concentrations M/800 to M/80 
actually accelerated reduction of methylene blue by hydrogen in the presence of bacterial cells. 
The method they used involved incubating the suspensions and cyanide under anaerobic conditions 
in Thunberg tubes. 

Sodium azide. Using the same technique as described above for cyanide, sodium azide was 
shown to inhibit only as much as 20 p.c. No difference could be detected between the behaviour of 
the cells incubated aerobically and anaerobically. The result was the same at both pH 7-3 
and 6:3. 

Hydroxylamine. Similarly hydroxylamine was tested as an inhibitor. When added to the 
suspension after shaking in oxygen, M/50 hydroxylamine completely inhibited the uptake of 
hydrogen. When added after shaking in hydrogen, the inhibition was only 53 p.c. as shown in 
Table 6. 


TABLE 6. 
Effect of hydroxylamine. 


Contents of vessels as before. Suspension dry wt. 0-5 mg. pH 7°-3. 


Concentration of Preliminary Hydrogen uptake 
hydroxylamine. incubation in in 10 mins. P.c. inhibition. 


0 None 222 ul. _ 
M/50 None 11 95 

0 Hydrogen 209 _: 
M/50 Hydrogen 99 53 

0 Oxygen 158 _ 
M/50 Oxygen 0 
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Under the conditions of these experiments hydroxylamine was not reduced by hydrogen in 
the presence of this strain of E. coli. 

Hydrazine. Under similar conditions the effects of the addition of hydrazine were examined. 
However in this instance it was noticed that the incubation of the hydrazine and oxygen without 
bacterial cells resulted in the production of a substance inhibitory to the action of hydrogenase. 
It was not formed when hydrazine was incubated with hydrogen. Keilin and Hartree (1936) 
noted that hydrazine hydrate when incubated with oxygen in a sealed tube was partially con- 
verted into a peroxide which combined with the catalase-hydrazine compound which they were 
studying. 

In order to demonstrate the formation of a similar substance in this instance the following 
procedure was adopted. Two manometers were set up in the usual way, except that the suspension 
was omitted. The hydrazine was placed in the side-arm of each vessel, one manometer filled with 
hydrogen and the other with oxygen. Both were shaken for 10 minutes at 38°C. ‘I'‘hen the 
hydrazine was tipped into the main compartment, and shaking continued for another five minutes 
before removal from the bath. After cooling the vessels were disconnected and 1-0 ml. suspension 
was added to each. The manometers were then filled with hydrogen and the uptake determined. 
Two other manometers were used, one without hydrazine and one with hydrazine in contact with the 
suspension during the incubation period. Four more were used to show the effect of incubation 
of the suspension with hydrogen and oxygen on the action of hydrazine. The solution of 
hydrazine was always freshly prepared from the hydrochloride. These results are summarized 
in Table 7. 


TABLE 7. 
Effect of hydrazine. 


Contents as before. Suspension 0-5 mg. dry wt. pH 7-3. 


Concentration of Preliminary Hydrogen uptake 
hydrazine. incubation in in 10 mins. P.c. inhibition, 


0 None 169 wl, _— 
M/50 None 146 14 
M/50 He No suspension 169 0 
M/50 OQ. No suspension 68 60 

0 Hydrogen 162 a= 
M/50 Hydrogen 143 12 

0 Oxygen 113 -- 
M/50 Oxygen 6 95 


Thus when added under anaerobic conditions the inhibition caused by hydrazine is only small. 

m-Nitro—phenol and 2: 4—Dinitro—phenol. Using the procedure described above it was 
shown that both these compounds inhibited hydrogen uptake to a greater extent when added to 
the suspension under aerobic conditions. However, the effect did not appear to be due to the 
production of another inhibitory substance formed independently of the presence of the sus- 
pension. See Table 8. 


TABLE 8. 
Effect of m—-nitrophenol and 2: 4—dinitrophenol on hydrogen uptake. 
Contents of the vessels as above. Dry weight of suspension, 0-4 mg. pH 7-3. 


Concentration of Preliminary Hydrogen uptake por 
inhibitor. incubation in in 10 mins. P.c. inhibition. 


0 None 124 wl. — 
M/1,000 DNP None 83 33 
M/1,000 m—NP None 104 16 

0 Hydrogen 119 — 
M/1,000 DNP Hydrogen 91 24 
M/1,000 m—NP Hydrogen 110 8 

0 Oxygen 83 — 
M/1,000 DNP Oxygen 35 58 
M/1,000 m—-NP Oxygen 22 73 


Carbon monoxide. Experiments using this inhibitor were carried out only in Thunberg 
tubes. Hydrogenase activity, as measured by the rate of decolouration of methylene blue, was 
inhibited by the presence of carbon monoxide. See Table 9. Each tube was evacuated and filled 
with the mixture three times before final filling 2ud sealing. 
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TABLE 9. 
Effect of carbon monozide. 


Each Thunberg tube contained 1-0 ml. suspension (1-2 mg. dry wt.), 1-8 ml. M/5 phosphate 
buffer at pH 7-2, 0-1 ml. distilled water and 0-1 ml. M/77 methylene blue. Temperature 38° C. 


Time for decolouration. 
Gas mixture. Relative rate. 
Hydrogen-nitrogen 
carbon monoxide 
nitrogen 
carbon monoxide 
nitrogen 
carbon monoxide 


Nitrogen 


To examine the effect of light on the inhibition by carbon monoxide in the higher concentra- 
tions, the tubes were illuminated by a 100 watt electric lamp. The corresponding controls were 
also illuminated. No reversibility of the carbon monoxide inhibition could be observed. Hober- 
man and Rittenberg (1943) when studying the exchange reaction in Proteus vulgaris obtained 
only a 30 p.c. reversal of the inhibition brought about by carbon monoxide in 50 p.c. concentration. 


REACTION WITH MOLECULAR OXYGEN. 


The Knall-gas reaction has been known to be a source of energy for certain 
autotrophic bacteria for some time (Ruhland, 1924). It has also been observed 
in the case of a few heterotrophic bacteria. Stephenson and Stickland (1931, a) 
observed that the reaction could be catalyzed by FE. formica, but that shaking the 
organisms in manometer vessels for extended periods in the presence of oxygen 
inactivated the enzyme system responsible. Lee, Wilson and Wilson (1942) have 
studied some of the properties of extracts of A. vinelandii which catalyzed the 
reaction. 

The strain of EZ. coli used in the present investigation had a much greater 
gas uptake in the presence of hydrogen and oxygen than in nitrogen and oxygen. 
This was studied along the following lines: 


Effect of H-ion Concentration. 


Using buffers ranging from pH 4:4 to 9-6, it was found that the optimum pH was from 
5-9 to 6-4. However, the activity was fairly constant over a wide range. 


Effect of Partial Pressure of Oxygen. 


Wilson, Lee and Wilson (1942) using Azotobacter noted that the rate of gas uptake in 
hydrogen-oxygen mixtures fell off sharply with increasing pressures of oxygen. Using E£. coli 
we observed a similar phenomenon, and maximum activity was observed at partial pressures of 
oxygen of 0-06 to 0:08 atmosphere. See Table 10. 


TABLE 10. 
Effect of oxygen pressure on Knallhgas activity. 


Each Warburg vessel contained 1-0 ml. suspension (2-3 mg. dry wt.), 1-7 ml. M/5 phosphate 
buffer at pH 6-5, 0-3 ml. distilled water. The centre compartment contained 0-2 ml. 20 p.c. NaOH. 


Pressure of oxygen. 
atmos. Gas uptake/20 mins. 


0-01 68 ul. 
0-02 107 
0-05 144 
0-07 139 
0-20 118 
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The rate of reaction decreased with time at relatively high partial pressures of oxygen. At 
low pressures, up to 0-05 } atmospheres, the rate of increase appeared to be linear. These observa- 
tions are shown in Fig. 2. It is to be noted that in these experiments the pressure of hydrogen 
did vary, but was never less than 0-8 atmosphere. 


Effect of Dilution of Suspension. 


On dilution of the suspension the gas uptake de- 320 
creased more than could be accounted for by the 
decreased weight of cells present. This dilution effect 
was less marked at lower partial pressures of oxygen, a 
e.g. 0-05 atmosphere. Addition of boiled extracts of 
the cells did not restore this loss of activity. See 240 
Table 11. 


TABLE 11. Ul 
Effect of dilution on Knali-gas activity. GAS 


Contents of vessels as Gas mixture | 60 
before. Ho/Og = 83/17. 


Dry weight of cells. Gas uptake/20 mins. 
2-7 mg. 148 ul. 


1°35 62 8O 


0-62 21 


Effect of Preliminary Incubation with Hydrogen 
and Oxygen. 


An initial shaking with oxygen for 15 minutes at | | \ | j 
38° C. is sufficient to inhibit appreciably the Knall- 
gas system. Subsequent Sesibetion A hydrogen O 40 80 lOO 
reversed part of this inhibition. Four manometers MINUTES 
were set up in pairs, one pair filled with oxygen, the 
other with hydrogen. All were then shaken for 15 ’ 
minutes at 38° C., removed from the bath and cooled. Fig. 2. Effect of partial pressure of 
One from each pair was then refilled with hydrogen oxygen on the rate of the reaction. 
or oxygen—hydrogen in the manometer which had Contents of the manometers as above. 
previously contained oxygen, and oxygen in the one Dry weight 2-3 mg. pH 6-3. 
which had previously contained hydrogen. These two Curve 1. Partial pressure of oxygen 
manometers were then shaken at 38° C. for 15 min- 0-04 atmosphere. Curve 2. Partial 
utes, removed from the bath and cooled. All mano- pressure of oxygen 0-14 atmosphere. 
meters were then filled with the Knall-gas mixture and Curve 3. Partial pressure of oxygen 
the activity determined. See Table 12. 0-31 atmosphere. 








TABLE 12. 
Effect of preliminary incubation with hydrogen and with oxygen. 
Contents of vessels as before. Suspension dry wt. 2-7 mg. Hy/O2 = 85/15. 


Preliminary Second 

incubation in incubation in Gas uptake/20 mins. P.c. inhibition. 
Hydrogen None 151 wl. — 
Oxygen None 89 41 
Hydrogen Oxygen 139 8 
Oxygen Hydrogen 128 15 


Ratio of the Amounts of Hydrogen and Oxygen Used in the Reaction. 


This was determined manometrically using alkaline pyrogallol to absorb the oxygen of the 
mixtures. Consequently, the reaction could be examined only at relatively low partial pressures 
of oxygen, e.g. about 0-01 atmosphere. It was found that the ratio Hy)/Oz in the gas used was 
approximately 1-8. If the oxygen uptake in the nitrogen-oxygen control was considered and 
a correction applied, the ratio was 2-0. This agrees with that required by the equation 
2 Hy + O2 = 2 H20, as representing the overall reaction. The same ratio was shown for several 
autotrophs by Ruhland (1924), and for Azotobacter by Lee, Wilson and Wilson (1942). 


Effect of Inhibitors. 


The effect of certain inhibitors was examined by the same methods as previously described. 
These are listed in Table 13. It should be noted that in each instance the inhibitor wag in 
contact with the suspension during the period of preliminary equilibration of the manometers. 
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TABLE 13. 
Effect of inhibitors on Knall-gas activity. 


Contents of vessels as before. Suspension, 1-1 mg. dry wt. H2/O. = 90/10. 


Inhibitor. Final concentration. P.c. inhibition. 


Urethane M/10 0 
Sodium fluoride M/50 0 
Toluene Satd. 100 
Chloroform Satd. 100 
Potassium cyanide M/500 100 
Hydrazine M/50 15 
Hydroxylamine M/50 18 


Potassiwm cyanide. The effect of this compound was studied further along the lines fol- 
lowed in the previous section. In each case the cyanide inhibited 100 p.c. whether added to the 
suspension after it had been incubated aerobically or anaerobically. 

Hydrazine and hydroxylamine. In view of the fact that the behaviour of these two com- 
pounds in the Knall-gas reaction was markedly different from that in the instance of the simpler 
reduction of methylene blue, it was examined further. In each case the inhibitor was added 
to the suspension after shaking in oxygen or hydrogen as described in the previous section under 
the heading of potassium cyanide. The results are summarized in Table 14. 


TABLE 14. 
Effects of hydrazine and of hydroxylamine on Knall-gas activity. 


Contents of vessels as before. Suspension 1-9 mg. dry wt. Buffer pH 7-3. 
Gas mixture Hj/O. = 83/17. 


Concentration of Preliminary 
inhibitor. incubation in Gas uptaKe/20 mins. P.c. inhibition. 


Hydrogen 


0 
M/50 Hydrazine Hydrogen 
0 Oxygen 
M/50 Hydrazine Oxygen 
0 Hydrogen 
M/50 Hydroxylamine Hydrogen 
0 Oxygen 
M/50 Hydroxylamine Oxygen 


These experiments were carried out at pH 7-3 and 6-3 in order to make the results com- 
parable with those obtained using the methylene blue as acceptor of hydrogen. The results were 
much the same at pH 6-3. It is to be noted that the inhibition of this latter reaction by these 
inhibitors was much more marked especially when the inhibitors were added to the suspension 
after shaking in oxygen. The suspensions used in the study of the Knall-gas reaction were 4 to 5 
times the strength of those used in the study of the reduction of methylene blue. However, that 
fact does not entirely account for the difference in the degree of inhibition; using 2-0 mg. 
weight of cells it was shown that the addition of M/50 hydroxylamine inhibited the uptake of 
hydrogen in the presence of methylene blue by 95 p.c. Under the same conditions thd Knall-gas 
reaction was inhibited only 33 p.c. It would seem that the activation of molecular hydrogen 
is not the limiting step in the Knall-gas reaction. 


Effect of Sodiwm Azide. 


Whereas sodium azide was slightly inhibitory to the reduction of methylene blue by hydrogen, 
it accelerated the reduction of molecular oxygen under similar conditions. Actually, the effect 
of the azide on the Knall-gas reaction was conditioned by the strength of the suspension. The 
acceleration was more marked using a dilute suspension, e.g. about 0-3 mg./ml., but as pointed 
out earlier stronger suspensions were used mostly for the Knall-gas experiments. This stimulatory 
effect of azide was examined in some detail. 

H-ion concentration. This is summarized in Table 15. The oxygen uptake in the nitrogen- 
oxygen mixtures under these conditions was negligible. It is clear that in the optimum range 
of Knall-gas activity, the azide very markedly accelerates the reaction. 
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TABLE 15. 
Effect of pH on azide acceleration. 


Contents of vessels as before. Suspension dry wt. 1-0 mg. H2/Og = 84/16. 


pH. Concentration of azide. Gas uptake/20 mins. P.c. acceleration. 


“4 0 115 wl. — 
“4 M/1,000 135 17 
“0 0 124 sal 
-0 M/1,000 206 66 
65 0 102 — 
65 M/1,000 185 81 
“2 0 100 ~ 
2 M/1,000 112 12 


Concentration of azide. This was examined at pH 6-2 as shown in Table 16. This is different 
from the observations made by Wilson and Wilson (1942) using suspensions of Azotobacter. 
They observed that azide inhibited the gas uptake in high concentrations and that the stimulatory 
effect was apparent only at concentrations M/500 or lower. Later when using extracts of the 
cells, Lee, Wilson and Wilson (1942) showed a 75 p.c. inhibition with M/100 azide, no other 
concentrations being mentioned. 


TABLE 16. 


Effect of variation in concentration of azide. 
Contents of vessels as before. Suspension dry wt. 1-3 mg. He/Og = 90/10. 
Concentration of azide. Gas uptake/20 mins. P.c. acceleration. 


0 151 wl. — 
M/100 258 73 
M/500 260 75 

M/1,000 236 58 

M/5,000 150 0 

M/10,000 168 6 


Partial pressure of oxygen. It was noted that the pressure of oxygen modified considerably 
the accelerating effect of azide as shown in Table 17. 


TABLE 17. 
Effect of pressure of oxygen on azide acceleration. 
Contents of vessels as above. Suspension dry wt. 1-1 mg. pH 6-2. 


Pressure of oxygen Concentration of 
(atmos.). azide. Gas uptake/20 mins. P.c. acceleration. 
0 86 yl. 
M/1,000 92 
0 90 
M/1,000 142 
0 94 
M/1,000 169 80 
0 59 — 


M/1,060 111 88 
0 63 _ 
M/1,000 115 83 
0 59 -— 
M/1,000 91 54 


coocooocoococooo 


Preliminary incubation with hydrogen and with oxygen. The results in Table 18 suggest 
that the azide acceleration is associated with the enzyme system only after it has been treated 
with hydrogen. 





Contents as above. Suspension dry wt. 2:6 mg., pH 6-4. Hs/O. = 84/16. The azide was added 
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TABLE 18. 


Effect of preliminary incubation with hydrogen and with oxygen. 


from the side-arm of the manometer during the first incubation period. 


Concentration of azide. 


0 
M/500 
0 
M/500 


Hydrogen 
Hydrogen 
Hydrogen 
Hydrogen 
Oxygen 
Oxygen 


First incubation. 


Second incubation. 


None — 
None + 63 
Oxygen — 
Oxygen + 43 
None _ 
None — 6 


P.c. change. 


0 
M/500 
0 
M/500 


Oxygen 
Oxygen 


Hydrogen _ 
Hydrogen + 43 


Effect of Nitro-Phenols. 


Similarly with some nitrophenols, the effect on the Knall-gas reaction was to accelerate it 
under certain conditions, even though the reduction of methylene blue was inhibited under the 
same conditions. In equimolar concentrations the acceleration by nitrophenols was greater 
than that due to azide under identical conditions. The effect of several nitrophenols is shown in 
Table 19. In each case the compound was in contact with the suspension during the equilibration 
period of the manometers. 


TABLE 19. 
Effect of nitrophenols on the Knall-gas reaction. 
Contents of vessels as above. Suspensions dry wt. 1-0 mg. pH 6-2. H»./O.=— 93/7. 


Concentration of nitrophenol. P.c. acceleration. 


M/1,000 2: 4-DNP 
M/1,000 m-NP 
M/1,000 o-NP 
M/1,000 p-NP 


The subsequent experiments were carried out with the 2:4-DNP. Tables 20 and 21 respec- 
tively show the variation in the acceleration following changes in pH and in the concentration 
of 2: 4-DNP. 


TABLE 20. 
Effect of pH. 


Contents of vessels as above. Suspension dry wt. 1-0 mg. H»/O. = 84/16. M/1,000 2: 4-DNP 
in contact with suspension during equilibration period. 


2: 4-DNP. P.c. acceleration. 


~ 
» 2 


AINAAM®A® AA 
DLOAACORM 


0 ae 
M/1,000 165 
0 ee 

75 


M/1,000 1 
0 


on 


M/1,000 102 


0 
M/1,000 85 
TABLE 21. 


Effect of variation in concentration of 2: 4—-DNP. 
Contents of vessels as above. Suspension dry wt. 1-1 mg. pH 6-3. H»/O. = 80/20. 


Concentration of 2:4-DNP. Gas uptake/30 mins. P.c. acceleration. 
0 140 ul. — 
M/500 350 150 
M/1,000 296 111 
M/10,000 231 65 
M/100,000 151 8 
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As in the instance of azide the effect of 2: 4-DNP on the Knall-gas reaction is modified to 
some extent by variation in the partial pressure of oxygen present. This is shown in Table 22. 
In the higher oxygen tensions, above 0-2 atmosphere, DNP is inhibitory; of course, unden those 
conditions the inactivation of the system by oxygen is also increased. It is to be emphasized that 
the partial pressure of hydrogen also varied and that this variation became considerable at the 
higher pressures of oxygen. 


TABLE 22. 
Effect of pressure of oxygen on DNP acceleration. 


Contents as before. Suspension, dry weight 1-1 mg. pH 6-2. The DNP was in contact with the 
suspension during the equilibration period. 


Pressure of oxygen 
(atmos.). Concentration of DNP. P.c. change. 

05 0 — 
-03 M/1,000 +6 
04 0 _- 
04 M/1,000 + 60 
-14 0 — 
-14 M/1,000 + 131 
*31 0 — 
*31 M/1,000 — 57 
+45 0 — 
+45 M/1,000 — 90 


ooococoooooo 


This change from acceleration to inhibition after exposure to oxygen at higher pressures 
was noted in another type of experiment in which the suspensions were incubated beforehand 
with oxygen and with hydrogen. Table 23 summarizes the results of such an experiment in which 
the procedure was the same as that described for sodium azide above. 


TABLE 23. 
Effect of preliminary incubation with oxygen and with hydrogen. 
Contents of manometers as before. Suspension dry weight 2-7 mg. pH 6°3. Hy/O. = 85/15. 


Concentration of DNP. First incubation. Second incubation. P.c. change. 


0 Hydrogen None _ 
M/1,000 Hydrogen None + 190 
0 Hydrogen Oxygen _ 
M/1,000 Hydrogen Oxygen + 127 
0 Oxygen None _ 
M/1,000 Oxygen None — 86 
0 Oxygen Hydrogen — 
M/1,000 Oxygen Hydrogen — 51 


DISCUSSION. 


The inhibition of the hydrogen uptake by cyanide, carbon monoxide, hydra- 
zine and. hydroxylamine supports the view that hydrogenase activity involves an 
enzyme of the iron porphyrin type. In connection with the carbon monoxide in- 
hibition, which could not be reversed by light, it is noteworthy that the same 
difficulty was experienced by Wilson and Wilson (1942). The inactivation of the 
system by incubation with oxygen suggests that it is the reduced enzyme which 
activates the hydrogen. The relatively small effect of azide as compared with 
cyanide was unexpected ; azide is said to combine with the reduced form of cata- 
lase (Keilin end Hartree, 1956). 

The Knall-gas system would seem to be a more complicated system than the 
direct reduction of an artificial carrier like methylene blue; but presumably at 
least one member is common to the two mechanisms, namely the hydrogenase or 
hydrogen activating centre. On that account it was not expected that the effect 
of some inhibitors on the simpler reaction would differ so much from the effect 
on the Knall-gas reaction. This seemed to suggest that the activation of mole- 
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cular hydrogen was not the limiting step in the latter reaction. Thus, whereas 
hydroxylamine inhibits the reduction of methylene blue 95 p.c. it inhibits the 
Knall-gas reaction under the same conditions only 33 p.c. The acceleration of 
the Knall-gas reaction by azide and DNP also contrasted sharply with the inhibi- 
tory effect on the reduction of methylene blue; although, generally speaking, the 
effect of these substances on tissues and yeast cells has been to increase oxygen 
utilization (Krahl and Clowes, 1937). In the present instance also, their effect 
seemed to be associated with the oxygen activating centre of the system. The 
action of DNP differed from that of azide in two respects. (1) At high oxygen 
pressures, DNP inhibited the Knall-gas reaction instead of accelerating it. At 
the same pressures of oxygen the azide still accelerated it. (2) When added to 
suspensions in oxygen, DNP again inhibited. Azide was without apparent effect 
under these conditions. 

The question of carrier linkage in these reactions was interesting in this con- 
nection. This strain of £. coli could reduce nitrate and fumarate as well as oxygen 
in the presence of hydrogen without the addition of an artificial carrier. A strain 
of A. aerogenes, on the other hand, contained hydrogenase as shown by the reduc- 
tion of methylene blue in the presence of hydrogen, but could not reduce nitrate or 
fumarate in the absence of a carrier, nor could it catalyze the Knall-gas reaction. 


SUMMARY. 


The uptake of hydrogen by washed suspensions of E. coli in the presence of 
(a) methylene blue, and (b) molecular oxygen has been investigated. 

In the reduction of methylene blue an iron porphyrin enzyme may he in- 
volved. Thus M/500 KCN, M/50 hydroxylamine, M/50 hydrazine and carbon 
monoxide markedly inhibited the uptake of hydrogen. Exposure of the suspen- 
sions to oxygen for some time caused an inactivation of the system responsible 
for the uptake of hydrogen. 

The Knall-gas reaction (b) was also sensitive to oxygen; hence the partial 
pressure of oxygen in the gas mixtures was a factor in the determination of the 
rate of the reaction. It was inhibited completely by M/500 KCN, by toluene and 
by chloroform; but hydroxylamine and hydrazine were without marked effect. 
Under certain conditions, sodium azide and 2: 4-dinitrophenol greatly accelerated 
the Knall-gas reaction, this acceleration being dependent upon pH, partial pres- 
sure of oxygen and the presence of hydrogen at the time of adding the compound 
to the suspension. 

An extensive study of inhibitors was carried out and, in general, the obser- 
vations are consistent with the view that hydrogenase is an iron enzyme, active 
only in the reduced state. 


REFERENCES. 
Foster, J. W. (1944): J. Bact., 47, p. 355. 
Gaffron, H. (1944): Biol. Revs., 19, p. 1. 
Green, D. E., Stickland, L. H. and Tarr, A. H. (1934): Biochem. J., 28, p. 898. 
Hoberman, R. and Rittenberg, D. (1943): J. biol. Chem., 147, p. 211. 
Kalnitsky, G. and Werkman, C. H. (1943): Archiv. Biochem., 2, p. 113. 
Keilin, D. and Hartree, E. F. (1936): Proe. Roy. Soc. Lond., B. 121, p. 173. 
Krahl, M. E. and Clowes, G. H. A. (1937): J. gen. Physiol., 20, p. 145. 
Lee, S. B., Wilson, J. B. and Wilson, P. W. (1942): J. biol. Chem., 144, p. 273 
Ruhland, W. (1924): Jahrbuch wissenschaft. Botanik., 63, p. 321. 
Stephenson, M. and Stickland, L. H. (1931la): Biochem. J., 25, p. 205. 
Stephenson, M. and Stickland, L. H. (1931b): Ibid., 25, p. 215. 
Stephenson, M. and Stickland, L. H. (1933): Ibid., 27, p. 1517. 
Wilson, J. B., Lee, S. B. and Wilson, P. W. (1942): J. biol. Chem., 144, p. 265. 
Wilson, P. W., Lee, 8. B. and Wyss, O. (1941) : Ibid., 139, p. 91. 
Wilson, J. B. and Wilson, P. W. (1942): J. gen. Physiol., 26, p. 277. 





ANTIBACTERIAL SUBSTANCES PRODUCED BY FLOWERING 
PLANTS 
1. PRELIMINARY SURVEY 


by NANCY ATKINSON anp K. MARY RAINSFORD 
(From the Institute of Medical and Veterinary Science, Adelaide). 


(Accepted for publication 29th October 1945.) 


Little work has been done to determine the antibacterial action of members 
of the native Australian flora. Many years ago Penfold (1923, 1924, 1925, 1926) 
examined, by the Rideal-Walker test, the disinfectant action of the essential oils 
obtained from some native Australian plants, mainly eucalypts, and also some of 
the constituents of these oils. The results obtained, however, give little indication 
of the activity of these substances. We have therefore commenced a survey of 
Australian flora for antibacterial activity, and present here the results of a pre- 
liminary qualitative examination of over 400 kinds of flowering plants. Most of 


the plants are natives of Australia; the others are introduced types which have 
become naturalized. 


METHODS. 


Fresh leaves, stems and flowers, and where possible seeds and roots were thoroughly ground 
up separately with a little water. The extracts thus produced were tested for antibacterial activity 
by the cylinder-plate method devised by Heatley (1944). In most cases, a mixture of all the 
extracts for any one plant was also tested. The tests were made against Staph. aureus and 
Bact. typhosum. This method of testing is convenient as it does not require the preparation of 


a sterile extract. Some extracts may possibly prove negative by this method and positive by 
some other method. 


RESULTS. 


We tested 410 native Australian plants and 40 introduced plants which had become 
naturalized and were proliferating freely in South Australia. The native plants represented 46 
families and 156 genera. The results for the active members of this group appear in Table 1. 

None of these plants showed any appreciable activity against Bact. typhosum. Few outside 
the Myrtaceae showed any antibacterial activity at all. Lepidiwm hyssopifolium was the only 
native member of the Cruciferae tested, and throughout the plant showed good activity against 
Staph. aureus. Grevillea Dallaceana of the Proteaceae showed good activity in the flowers only; 
no activity was found in any of 90 other members of Proteaceae including 20 other species of 
Grevillea, 7 species of Banksia, 19 species of Hakea and several species each of Conospermum, 
Isopogon, Lambertia, Petrophila and Dryandra. Thirty-six members of Leguminosae including 
21 species of Acacia, 19 members of Compositae including 8 species of Olearia and 4 species 
of Helichrysum, and 17 members of Chenopodiaceae including 6 species of Atriplex and several 
species each of Chenopodium, Enchylaena and Kochia were all inactive. 

Myrtaceae was by far the best represented family in our native group of plants. We tested 
150 different members, of which 32 showed antibacterial activity. The flower was the part of 
these plants most regularly active, and was the only part active in Agonis linearifolia and in the 
three species of Chamaelaucium which were the only ones tested. Three other species of Agonis 
were inactive. Six species of Kunzea, and three species of Calothamnus, were tested and proved 
inactive. Of 13 species of Leptospermum tested only one showed any activity. The Melaleucas 
were more active and of 33 species tested 4 showed slight activity and one, Melaleuca squarrosa, 
showed good activity in the flowers. The Callistemons were even more active, for out of 19 
species tested, 7 showed activity. The validity of the recognition of these 19 plants as different 
species is questionable as the Callistemons hybridize easily. One of the most active of all the 
Myrtaceae tested was Regelia grandiflora. Other genera of which only one or two species were 
tested and proved inactive were Baeckea, Eugenia, Eremaea, Beaufortia, Hypocalymna, Synaphae, 
Actinodiwm and Syncarpia. 
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TABLE 1. 
Native Australian plants showing antibacterial actwity. 


Activity against Activity against 
Staph. Bact. Staph. Bact. 
Plant. aureus. typhosum. Plant. aureus. typhosum, 


Casuarinaceae: Callistemon viminalis, leaves 
Casuarina Decaisneana, leaves ++ flowers 
Chamaela ucium uncinatum, flowers 
Proteaceae: re axillare, flowers 
Grevillea Dallaceana, flowers +4+4++ ze megalopetalu m, 
me bipinnatifida, leaves = : flowers 
Lomatia silaifolia, flowers Darwinia citriodora, leaves 
flowers 
p- (W.A.), flowers 
E ucalyptus Pio. seen flowers 
Cruciferae: leucoxylon, flowers 
“st sete 5 eos fruit 
Lepidium hyssopifolium, leaves ” 
f yssopif . , Var. macrocarpa, 
= stems 
flowers 
am roots a “ 
Lehmannii, leaves 
seeds 
- flowers 
Rhamnaceae: e fruit 
Pomaderris elliptica, flowers + megacarpa, flowers 
(dried specimen) sepulcralis, leaves 
= flowers 
Leptosperm um laevigatum, leaves 
Melaleuca hypericifolia, flowers 
Pa platycalyz, leaves 
e squarrosa, flowers 
s violacea, leaves 
Wilsonii, flowers 
Regelia ciliata, leaves 
a » flowers 
i o- fruits 
» grandiflora, flowers 
Verticordia Brownii, leaves 
me - flowers 
me monodelpha, flowers 
mw plumosa, leaves 
Pe a flowers 


ft 
4 


Amarantaceae : ” ” 
Hemichroa diandra, flowers 


+++ 4++4++ 


Ht++++++ ++++ 


” 


+t 


Myrtaceae: 
Agonis linearifolia, flowers 
Angophora intermedia, leaves 
flowers 
Astartea fasciculata, leaves 
re flowers 
Callistemon citrinus, leaves 
fe flowers 
violaceae, leaves 
” flowers 
i. fruits 
pallidus, leaves 
flowers 
pall udosus, flowers 
phoeniceus, flowers 
salignus, flowers 


+. 


+ + 
EEA EAH IEE HE EE + Ht tH 


+ 
+ 
= 
= 
= 
+ 
+ 
+ 
+ 
+. 
+4. 
4. 
= 
== 
+ 


The 40 introduced, naturalized plants represented 19 families and only one plant, a member 
of Cruciferae, Rapistrum rugosum, was active. This plant, unlike any appearing in Table 1, 
was strongly active against Bact. typhosum as well as Staph. awreus; leaves, flowers and stems 
were all active. Two other introduced, naturalized plants belonging to the Cruciferae, Sisymbrium 
orientale and Cakile maritima were inactive. Many different types of succulents, including 
members of Mesembryanthemum, were tested and showed no activity. 

The active substance in Agonis linearifolia, Chamaclaucium uncinatum, and Darwinia citrio- 
dora, all members of Myrtaceae, was not destroyed by boiling the extract for 10 minutes, and was 
volatile in steam. The other active plants were not tested in this way. Flowers of Chamaelaucium 
uncinatum and leaves of Darwinia citriodora were dried and tested after various periods. Good 
activity appeared still in extracts from dried material 14 days old. 


DISCUSSION. 


The native flora of Australia may well provide new and interesting anti- 
bacterial substances, but so far little work has been done to discover them. We 
hope to cover a wide range of native plants in our survey. This paper records 
only the commencement of this work. Out of 450 plants tested 38 were more or 
less active. The activity varied greatly in degree from plant to plant and was 
found most regularly in the flowers ; all except one of the plants caused inhibition 
of the growth of Staph. aureus but not of Bact. typhosum. The majority of active 
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plants belonged to Myrtaceae and in those tested, namely flowers of Agonts lineart- 
folia and Chamaelaucium uncinatum and leaves and flowers of Darwinia citrio- 
dora, the active substance was volatile in steam and present in the oil which sepa- 
rated from the steam distillate. The occurrence of the active substance in the 
essential oils of these plants might be expected, as other members of Myrtaceae, 
particularly some Eucalyptus species, produce essential oils with antibacterial ac- 
tivity. The one exception mentioned above which caused inhibition of the growth 
of both Staph. aureus and Bact. typhosum was Rapistrum rugosum, not a native 
but an introduced plant naturalized in South Australia. Some degree of activity 
appeared in extracts of all parts of this plant and the active substance was not 
destroyed by boiling the extracts. Osborne (1943) in England and Lucas and 
Lewis (1944) in the United States of America have investigated the antibacterial 
activity of a variety of plants but do not describe any of the active plants re- 
corded in this paper. The most interesting families in our group were Myrtaceae, 
Proteaceae and Cruciferae. The last of these was represented in the English 
group but the members tested were different from those described here. The other 
active plants in the English group belonged mainly to Liliaceae and Ranuncu- 
laceae. We have found no active members of these among native Australian types. 
Lucas and Lewis (1944) found antibacterial activity against Staph. aureus in 
leaves of Onopordon acanthium, Verbascum thapsus and Peonia officinalis and in 
the fruits of certain members of Lonicera, a member of Caprifoliaceae, Ribes, a 
member of Sazifragaceae, Vaccinium, a member of Ericaceae and Sorbus ameri- 
cana, a member of Rosaceae. Lonicera tartarica was particularly interesting as 
the fruits yielded two active substances, one of which inhibited the growth of Bact. 
coli. but did not affect Staph. aureus. Our group of plants did not include any 
of these. By investigating mainly native Australian flora we should cover a 
field not readily accessible to workers elsewhere. 


SUMMARY. 


By the cylinder-plate method, 450 types of flowering plant, mainly natives 
of Australia, were tested for antibacterial activity. Thirty-eight of these plants 
produced extracts which were active against Staph. aureus, but not against Bact. 
typhosum. One plant, a naturalized alien species, produced extracts active against 
both Staph. aureus and Bact. typhosum. Antibacterial activity was most regularly 
found in the flowers although the occurrence of activity in extracts of the leaves 
was not uncommon. 


Acknowledgments. We wish to acknowledge with great appreciation the assistance of 
Professor J. B. Cleland and Miss A. M. Ashby in collecting and identifying the plants used in 
this work. 


REFERENCES. 


Heatley, N. G. (1944): Biochem. J., 38, p. 61. 

Lueas, E. H. and Lewis, R. W. (1944): Science, 100, p. 597. 

Osborn, E. M. (1943): Brit. J. exp. Path., 24, p. 227. 

Penfold, A. R. and Grant, R. (1923): J. and Proc. Roy. Soc. N.S.W., 57, pp. 80 and 211. 
Penfold, A. R. and Grant, R. (1924): Ibid., 58, p. 117. 

Penfold, A. R. and Grant, R. (1925): Ibid., 59, p. 346. 

Penfold, A. R. and Grant, R. (1926): Ibid., 60, p. 167. 








THE ESTIMATION OF ADRENALINE 


by F. H. SHAW! 
with the technical assistance of A. Forshaw. 


(From the Department of Physiology, University of Melbourne). 


(Accepted for publication 5th December, 1945.) 


In the past, the assay of adrenaline biologically in such complex material as 
tissue extracts or blood has been complicated by the presence of other pharmaco- 
logically active principles, whilst chemically the methods have lacked specificity. 
In the present method the adrenaline is separated from accompanying bodies and 
assayed both chemically and biologically. Agreement of the results of these twa 
methods of assay increases the certainty that it is actually adrenaline which is 
being tested. 

The principle has been described in an earlier paper (Shaw, 1938). It de- 
pends on the selective adsorption of adrenaline on aluminium hydroxide, fol- 
lowed by subsequent elution and chemical assay. 

Since the publication of the original chemical assay the method has been criticized and 
modified by Bloor and Bullen (1941), Raab (1943a and b) and Tietz et al. (1940). The latter 
authors state only in the conclusion ‘‘ we have reason to believe that the error in this method, as 
carried out by us, is great. Studies are being made to detect reasons for inconsistencies en- 
countered’’. No statement is made as to where the inaccuracies arise and the authors do not 
appear to have applied the specific ‘‘ increase in depth of colour due to alkali’’ test (Shaw, 1938) 
which Raab (1943b), in distinction to Bloor (1941), has found satisfactory. Most of the diffi- 
culties appear to have arisen when the method has been pushed to its limits (0-62 ug.) or applied 
to the estimation of adrenaline in blood. It is not contended in this case that accurate quantita- 
tive results are obtained but that it serves only as a qualitative and rough quantitative check for 
the presence of adrenaline. The value of the method has been summed up fairly by Raab (1943b). 

The author cannot agree with Bloor that it is disadvantageous to employ the alkali-enhancing 
treatment. Raab in over 3,000 determinations has found it most useful. Also the results 
obtained by Cannon and Lissak (1939) are a vindication of the test. By various biological 
methods these workers showed the presence of adrenaline in adrenergic neurones. Extracts 
of such nerves gave the specific ‘‘ deepening of colour with alkali” test, while nerves containing 
degenerated sympathetic fibres did not give this test. 

In the present work the method has, with only slight modification, given every 
satisfaction with amounts of adrenaline varying from 0-2 to 1-0 ug. 

All previous workers have stressed the difficulty of eliminating from the re- 
sults the effects of those few substances which are adsorbed at pH 8 5 and reduce 
the arsenomolybdate reagent. This objection has now been overcome by assaying 
the eluted adrenaline biologically on the rat’s intestine. One might have thought 
that the adsorption of the adrenaline on the aluminium hydroxide at pH 8-5 
would have lead to destruction of the adrenaline. This is not the case as adrena- 
line is more stable, physiologically, in alkali than is generally realized (Shaw, 
1941). 

The material for this investigation consisted of tablets of procaine 20 mg. and 
adrenaline 20n¢2. It was suspected that the adrenaline content was not constant 
due to (a) errors of mixing, (b) deterioration. The tablets were assayed chemi- 
eally and checked biologically to ensure that the chemical result was due to phy- 
siologically active adrenaline and not inert oxidation products. 

1 This work was carried out with the aid of a grant from the National Health and Medical 
Research Council. 


2 These were used in the course of an investigation of the standardization of therapeutic 
agents (Worner and Shaw, 1946). 
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METHOD. 


Reagents. The reagents used were as previously described (Shaw, 1938). 
Chemical, 


To 3 ml. of Al(OH)s suspension (Note 1) in a centrifuge tube was added 0-1 ml. of test 
solution. 2 ml. of a saturated sodium bicarbonate solution (Note 2) were added and the whole 
gently shaken for 2 minutes. It was then centrifuged for one minute and the supernatant| fluid 
decanted. The residue was washed gently with distilled water without disturbing the precipitate. 
Two ml. of water and 0-35 ml. of 4 p.c. NaOH were added and 2 minutes later the mixture was 
treated with sulphurous acid reagent, etc., as previously described (Shaw, 1938, p. 21). As standard 
lug. of adrenaline in 0-1 ml. was treated concurrently in the same way and the two solutions 
compared in a Klett colorimeter. 


Biological. 


To 3 ml. of Al(OH)s suspension were added 2 ml. of test solution and 2 ml. of saturated 
sodium bicarbonate (Note 2). The whole was gently shaken for 2 minutes and rapidly centri- 
fuged for 45 seconds. The residue was washed as above, 2 ml. of water were added and just 
sufficient concentrated hydrochloric acid to dissolve the Al(OH) deposit (usually about 3 drops). 
The resultant solution was now assayed biologically on the isolated rat’s intestine (Magnus) by 
the method of ‘‘ bridging’’ (Note 3). ; 

Note 1: In the earlier paper only 1 ml. of suspension was used. This was found to be 
inadequate and it is suggested that further variations in amount taken may be necessary. 

Note 2: Sodium bicarbonate has been employed here because both sodium hydroxide and 
sodium carbonate, but not sodium bicarbonate, precipitate procaine at pH 8-5. However, pre- 
liminary tests showed that if, as in the original method, the Al(OH)g suspension were made just 
faintly pink to phenolphthalein with sodium hydroxide or sodium carbonate the adrenaline was 
adsorbed quantitatively and could be recovered physiologically active. 

Note 3: Procaine is adsorbed neither at pH 4-0 nor 8°5. 

Preliminary experiments with artificial mixtures of procaine and adrenaline gave complete 
recovery of adrenaline. 


RESULTS. 
BOTTLE A. (10 tablets taken at random). 


Adrenaline ug. Adrenaline ug. 
Chemical. _ Biological. Tab. No. Chemical. _ Biological. 


18 20 
18 20 
18 20 
16 15 
18 19 


BOTTLE B. (6 tablets taken at random). 


Adrenaline ug. 
Tab. No. Chemical. Biological. 
10 All tablets showed 
<3 little activity, 
i.e. less than 3 ug. 


Q orm De 


BOTTLE C. (4 tablets taken at random). 


Adrenaline yg. 
Tab. No. Chemical. Biological. 
10 12 
11 10 
7 8 
8 J 


It is considered that these results indicate a very satisfactory agreement between the chemical 
and biological methods. 





THE ESTIMATION OF ADRENALINE 


SUMMARY. 


The principle of the separation of adrenaline from interfering substances by 
selective adsorption on aluminium hydroxide is applied to the estimation of this 
substance in the presence of procaine. The adrenaline is assayed both chemically 
and biologically and hence the specificity of the method is greatly increased. 
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The antibiotic properties of moulds and other ubiquitous micro-organisms are 
being subjected to rigorous examination in many parts of the world, and it was 
felt that the Basidiomycetes, as a group, might provide a profitable field of in- 
vestigation for antibiotics, especially as many of the forms which occur in Victoria 
are indigenous. During the autumn and winter of 1945 a preliminary survey 
has been made of 230 species of Basidiomycetes. Wilkins and Harris (1944, b) 
have recently published a list of 700 Basidiomycetes of Britain which they have 
tested for antibacterial substances. 

During this work it has been recognized that the systematics of this group in 
Victoria is much in need of attention. For quite a large number of the forms col- 
lected it was impossible to find adequate descriptions in any of the handbooks 
on Australian forms, and recourse was had to descriptions of the British and North 
American species. Many of the specific names which have finally been given to 
the species are only tentative, as they frequently do not agree in all particulars 
with the overseas descriptions, and 34 of the 230 listed below have only been 
identified generically as their characters differed from those of any published 
species. Descriptions and drawings of these forms have been made so that sub- 
sequent recognition will be possible. 


METHOD OF PREPARATION. 


Extracts were prepared by grinding up the tissue of the sporophore with sand in distilled 
water and straining through muslin. The majority of the fruiting bodies were crushed in half 
their weight of distilled water, but the woody species required twice this amount. When the 
fruiting bodies were very small and delicate they were crushed without any added water and 
the solid material placed directly on the assay plate. Only fresh sporophores were tested, and 
occasionally these were kept in the refrigerator before extraction. 

The method of testing was essentially the cylinder plate method with the modification 
described by Wilkins and Harris (1944a). The two test organisms used were Staphylococcus 
aureus and Escherichia coli. Nutrient agar plates were seeded with 3 ml. of similar agar which 
had previously been inoculated with the test organism in a concentration of 1 ml. of a 24-hour 
broth culture in 100 ml. of agar. After this had set, holes were cut through both layers of agar 
with a sterile cork borer 7-5 mm. in diameter, and these were filled with 0-1 ml. of the sporophore 
extract. The plates were incubated at 37° C. for 24 hours. A ring of inhibition of 2 mm. or 
more was considered to be positive. 


RESULTS. 


A list of the species tested so far is given in the Appendix. 

The same species was frequently collected from different localities, and at the beginning 
duplicates were not re-tested. One particular form, Cortinarius cinnabarinus was tested twice 
and as the results did not coincide, all subsequent duplicates were tested. 

Wilkins and Harris (1944b) carried their survey through two years and found that in- 
dividual sporophores of the same species could give different results, and suggested that it may 
be due to the age or habitat of the sporophore or other unknown factors. We have had the same 
experience with some of the species tested here, and in addition, have found that in 20 different 
instances the results we have obtained were different from those published by Wilkins and Harris 
for the same species. This could, of course, be due to habitat or age, as they suggest, but it 
may also be, that strains of the same species exist which differ from one another physiologically, 
just as strains are abundant in the moulds. 





‘ — work was carried out under a grant from the National Health and Medical Research 
Jouncil. 
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ANTIBIOTIC SUBSTANCE IN PSALLIOTA SPECIES. 


Of six species of Psalliota tested, only one, which so far has not been taxonomically identified, 
was positive against the two test organisms. The sporophore extract was strongly positive in 
both cases and it was decided to investigate further this particular form. 

All work has been carried out on extracts of the fruiting body and has been considerably 
hampered by lack of material. The extract was prepared by grinding the fruiting bodies with 
sand in their own weight of distilled water and straining through muslin. The cylinder plate 
method, as described for penicillin, was used for assay purposes, and in addition to this the 
activity against certain pathogenic bacteria was determined by the serial dilution method. It 
was found that there was always considerable variation in the initial potency of extracts from 
different batches of fruiting bodies, so that comparisons could not be made between different 
batches. 

Passage of the crude extract through a Seitz filter did not affect the potency, nor was it 
affected by dialysing through a cellophane membrane into distilled water. The stability of these 
three preparations varied considerably. At 4° C. the dialysed extract lost its potency before the 
Seitz filtered material, and the Seitz filtered extract before the crude extract. One sample of the 
crude material retained its potency at this temperature for six weeks, but at room temperature 
activity was lost after about 10 days. 

The initial pH of the crude extract was approximately 5-7. Activity was unaffected after 
30 minutes at pH 9, but was destroyed after four hours. It was unaffected by pH 2-5 for four 
hours, in fact in one case activity was increased by the addition of acid. After exposure to 
70° C. for five minutes, potency was reduced, and after boiling for the same length of time was 
completely destroyed. The cause of the loss of activity is not known. It does not appear to be 
due to oxidation since the activity was unaffected after oxygen had been bubbled through the 
extract for half an hour: also the addition of half a volume of 1 p.c. KMnQ,, which was im- 
mediately decolourized, had no effect on the potency. 

The crude extract was extracted with ether, amyl acetate and butyl aleohol after the pH had 
been adjusted to 2-3, 5-7 (initial pH), 7-4, 9-1 and 11-0, and in every case the activity remained 
in the aqueous layer. If the crude extract after adjusting the pH to 2-7 was saturated with 
ammonium sulphate and then shaken with ether, the residue after evaporation of the ether and 
addition of a little water, showed slight activity. 

Ethyl alcohol was added to the crude extract to give concentrations of 20, 40 ~9 and 80 p.e. 
alcohol. Precipitation occurred in all cases, increasing in amount with the increase in strength 
of alcohol. After centrifuging, the precipitate was separated from the liquid, tested and found 
negative. The alcohol was then evaporated and the watery solutions were tested and all were 
active. Dilution tests showed that in the fractions obtained with 60 p.c. and 80 p.c. alcohol 
the active material was less concentrated. 

With regard to its solubility this substance seems to differ from other known antibacterial 
substances, which, except for the proteins and polypeptides such as gramicidin, dissolve in one 
or other of the fat solvents; also, the fact that it will dialyse readily and is not precipitated by 
alcohol suggests that it is not a protein. As soon as more material is available, attempts will be 
made to adsorb it on charcoal and alumina. 

Both the crude extract and the Seitz-filtered extract withstood freeze-drying without loss of 
activity, but when the pH of the crude extract was adjusted to 8-4 activity was reduced after 
drying, although the wet control remained as active as the original. Drying of the actual mush- 
room tissue at 35° C. before extraction with water destroyed the activity. 

1. The cylinder plate method of assay. 
Diameter of circle 
of inhibition. 
Gram positive. Staphylococcus aureus 16-0 mm.* 
Streptococcus pyogenes Group A 17-0 mm. 
Gram negative. Escherichia coli 17-0 mm. 
Eberthella typhosa 29-0 mm. 
Shigella Flexner III 16-0 mm. 
Pseudomonas pyocyaneus — 


* A 15-0 mm. ring is equivalent to approximately 0-4 0.U./ml. of penicillin. 


2. Serial dilution. 18 hour reading. 
Inhibiting dilution. 
Staphylococcus aureus 1 in 500 
Eberthella typhosa 1 in 800 
Shigella Flexner IIT 1 in 700 
Escherichia coli 1 in 500 


The extract used gave a ring of 27-0 mm. when tested against Staphylococcus aureus by the 
cylinder plate method, which is equivalent to approximately 3 O.U./ml. of penicillin. 
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The potency of the extract has been tested against several pathogenic bacteria. Two 
different samples were used for these tests each with a different potency which is given above in 
terms of Oxford units of penicillin.2 

Activity against 8. awreus was not inhibited by the presence of serum. Although the crude 
material was strongly haemolytic, the Seitz-filtered extract was not haemolytic, nor was it toxic 
when injected intracerebrally into a mouse.3, The sample used in this case had a potency equal 
to 3 O.U./ml. of penicillin. 

Although it is difficult to induce Basidiomycetes to produce their sporophores in culture, the 
majority of them are not difficult to grow in the mycelial condition, and provided the antibiotic 
is produced by the mycelium as well as by the sporophore, it should be possible to handle such an 
organism in a similar way to the moulds. The mycelium of this particular species of Psalliota 
does produce the antibiotic, but is particularly slow-growing. Psalliota campestris will cover 
a 90 mm. Petri dish in 12 ‘ays, while the active form produces a colony 11 mm. in diameter. 
A wide variety of media have been tried using different sources of carbon and nitrogen, including 
corn steep liquor. Sterilized and unsterilized soil from its natural habitat, and manure compost 
used for mushroom growing have also been tried unsuccessfully. Both lignin and cellulose 
supported a very sparse growth, and the best results so far have been given by a medium con- 
taining mineral salts, sugar and casein. 

Until the autumn when sporophores will again be available, further attempts to increase 
the rate of growth are being made. 


SUMMARY. 


Two hundred and thirty species of Basidiomycetes have been tested for anti- 
biotic substances. Thirty-nine were active against Staphylococcus aureus, one 
against Escherichia coli and twenty against both of these organisms. Some of the 
properties of the aqueous extract of a species of Psalliota are described. 

The extract is active against a number of Gram positive and Gram negative 
bacteria, and the activity is not inhibited by the presence of serum. 

The extract is not haemolytic after Seitz filtration, and is not toxic when in- 
jected intracerebrally into a mouse. 

The mycelium produces the active substance, but grows very slowly. 
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APPENDIX. 


When a species has been tested twice, the second result is shown in the last two columns. 
+ Positive response. 
— Negative response. 
* Doubtful identification. 
t Agrees with the results of Wilkins and Harris. 
§ Disagrees with the results of Wilkins and Harris. 


St. aureus 
St. aureus. 


Armillaria caligata, Vitt.- 


Laccaria laccata (Seop.), 
Bres. 


B. et Br. var. 3 
Lachnocladium sp. 
\Lentinus cochleatus, Fr. 
Lepiota erminea, Fr. 
L. naucina var. leucothites 
(Vitt.), Fr. 


t Bolbitius vitellinus, Fr. 


Cantharellus granulosus, 
Clel. 
Clavaria gracilis, Pers. 
C. ochraceo-salmonicolor, 
Clel. 
C. pyxidata (Pers.), Fr. 
C. sp. 
*Clitocype ef. australiana, 
Clel. 
C. pascua, Cle). 
Clitopilus subfrwmentaceus, 
Clel. 
*Collybia cf. alcalinolens, Pk. 
C. atratoides, Pk. 
*C. ef. atratoides 
Corticum sp. 
Cortinarius castaneo-fulvus, 
Clel. 
$C. cinnabarinus, Fr. 
C. ochraceo-fulvus, Clel. 
C. sinapicolor, Clel. 
Crepidotus alveolus (Lasch), 
Fr. 


4 +4 St. aureus. 


Marasmius cinnamoneus, 
Clel. 
M. varicosus, Fr. 
M. sp. 2 
§Merulius corium (Pers.), 
Fr. 
M. sp. 1 
§ Mycena epipterygia, Scop. 
§M. galopus (Pers.), Fr. 


It+++ +++ 


Naucoria melinoides, Fr. 
§N. semiorbicularis (Bull.), 
Fr. ’ 

N. veronabrunneus, Clel. 


Omphalia gracillima, Fr. 


tPanus stipticus (Bull.), Fr. 
Pluteus umbrosus, Fr. 
Polyporus anthracophilus, 
Cooke 
P. Colensoi, Berk. 
P. lateritius, Lloyd 
P. rhipidium, Berk. (as 
Favolus) 
Psalliota sp. 1 
Psilocybe Ceres, Cke. et 
Mass. 
§P. sarcocephala, Fr. 


Flammula excentrica var. 
macrospora, Clel. 


Hebeloma hiemale, Bres. 
§H. mesophaeum, Fr. 
H. sp. 2 
H. sp. 4 
H. sp. 5 
§Hydnum repandum (L.), 
F 


I+ ++ +++ ++ + ++ + 


Trametes cinnabarina 
(Jaeq.), Fr. 
tTricholoma paneolum, Fr. 
Trogia crispa (Pers.), Fr. 
Tulostoma subfuscum, 
White 


¥. 
§Hypholoma sublateritium 
(Schaeff.), Fr. 


Inocybe hirsuta, Lasch. 
*T. ef. Murrayana, Clel. 
I, sp. 3 


Eh HE HB FEEEL EOF FEIT FHtHt tH ttt ++ + + St aureus. 


+ +++ 
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None of the following gave any response. 


(2) indicates that these species have been tested twice. 


Amanita grisea, Mass. et 
Rodway. 
tA. muscaria (L.), Fr. (2) 
A. ochrophylla (Cke. et 
Mass.). 
Amanitopsis pulchella, Cke. 
et Mass. (2) 
A. sublutea, Clel. 
tA. vaginata (Bull.), Roze. 
Anthurus Rothae (Berk. ex 
Fischer), Cunn. 
tArmillaria mellea (Vahl.), 
Fr. 
Astraeus hygrometricus 
(Pers.), Morgan. 
tAstrosporina asterospora 
(Quel.), Rea. 


t Boletus erythropus (Pers. ), 
Quel. 
tB. granulatus (L.), Fr. 
tB. luteus (Linn.), Fr. 
B. mollis, Clel. 
B. multicolor, Clel. 
B. piperatus (Bull.), Fr. 


Cantharellus auranticus, Fr. 
C. brunneus, Clel. (2) 
C. cibarius, Fr. var. 
australiensis, Clel. 
C. ochraceus, Ciel. 
Clavaria australiana, Clel. 
tC. botrytis (Pers.), Fr. 
$C. cristata, Fr. 
C. cristata, cinerea form. 
C. flava (Schaeff.), Fr. 
tC. formosa (Pers.), Fr. 
C. sinapicolor, Clel. 
Clitocybe australiana, Clel. 
$C. infundibuliformis 
(Schaeff.), Fr. ? 
tC. nebularis, Fr. 


C. paraditopa, Clel. et Cheel. 


Collybia abutyracea, Ciel. 
C. fodiens, Kalehbr. 
tC. radicata (Relk.), Berk. 
C. tortipes, Clel. 
tC. velutipes (Curt.), Fr. 
tCoprinus — 
(Bull.), Fr. ? (2) 
§C. comatus (Fl. Dan.), Fr. 
tC. micaceus (Bull.), Fr. 
tC. plicatilis (Curt.), Fr, 
Cortinarius Archeri, Berk. 
C. areolate-imbricatus, Clel. 
C. austro-venetus, Clel. 
tC. largus, Fr. 
C. lavendulensis, Clel. 
tC. sanguineus (Wolf.), Fr. 
. subarvinaceus, Clel. 
. subcinnamoneus, Clel. 
. sp. 1. 
- Sp. 2. 
- Sp. 3. 
. Sp. 4. 


Crepidotus applanatus, Fr. 
C. eucalyptorum, Clel. 

*C. ef. globigerus, Berk. 
C. subhaustellaris, Clel. 
Cytidia sp. 


Flammula californica, Earle 
var. communis, Clel. et 
Cheel. 

F. excentrica, Clel. et Cheel. 

Fomes hemitephrus, Berk. 

F. rudis, Berk. 


tGanoderma applanatum 
(Pers.), Pat. 
tGeaster triplex, Jungh. 
Guepinia pezizaeformis, 
Berk. 


Hebeloma longicaudum, Fr. 
H. sp. 1. 
H. sp. 3. 
§$Hydnum zonatwm (Batsch.), 
Fr. 
tHygrophorus miniatus, Fr. 
tHypholoma fasciculare 
(Huds.), Fr. 


Inocybe rimosa, Fr. 

I. serrata, Clel. 

tI. tomentosa (Jungh.), 
Quel. 

I. -. 1 

I. sp. 2. 

Irpex zonatus, Berk. (2) 


tLaccaria laccata (Scop. yr 
B. et Br., var. 1 
var. 2. 
tLactarius deliciosus, Fr. 
Laschia fusca, Ciel. 
Lentinus hepatotrichus, 
Berk. 
a cristata (A. et S.), 
r 


L. gracilenta, Fr. 
L. haemorrhagica, Clel. 
§L. rhacodes (Vitt.), Fr. 
Leptonia fusca, Clel. 
tLycoperdon perlatum, Pers. 
tL. piriforme, Scheffer ex 
Persoon. 


Marasmius equicrinis, 
F. v. M. 
M. erythropus, Fr. 
tM. oreades (Bott.), Fr. 
M. sp. 1. 
Merulius sp. 2. 


Mycena eucalyptorum, Ciel. 


M. fusca, Clel. 

M. interrupta, Berk. 
M. leptocephala, Fr. 
tM. pura, Fr. 


M. rosella, Fr. 
tM. sanguinolenta (A. et 8.), 
F 


¥. 

M. subgalericulata, Clel. 
Mycena tenerrima, Berk. 
M. vinacea, Ciel. 
tM. viscosa, Maire. 

M. sp. 1 

Mycenastrum coriuwm 

(Guersent), Desvaux. 


Naucoria sp. 1. 


Odontia arguta (Fr.), Quel. 
Omphalia chromacea, Clel. 
$0. fibula (Bull.), Fr. 


Panaeolus campanulatus, Fr. 
P. retirugis, Fr. (2) 
t Paxillus involutus (Batsch), 


. 
tPeniophora cinerea, Fr. 
Pholiota eriogena, Fr. 
tP. marginata (Batsch), Fr. 
§P. spectabilis, Fr. 
P. sp. 1. 
Phylloporus paradoxus 
(Kalehr.), Bres. 
Pisolithus tinctorius 
(Micheli ex Pers.), 
Coker et Conch. 
Pleurotus lampas, Berk. 
tP. ostreatus (Jaequ.), Fr. 
tP. petaloides, Fr. 
P. viscidulus (Berk. et Br.), 
Clel. 
*P. ef. viscidulus. 
P. ap, 1. 
Polyporus australiensis, 
Wakefield. 
P. eucalyptorum, Fr. (2) 
P. gilvus (Schiv.), Fr. 
P. Hartmanni, Cooke. 
P. melanopus (Swartz), Fr. 
P. pelles, Lioyd. 
P. pulcherrimus, Rod. 
§Polystictus versicolor (L.), 
Fr. 
P. oblectans, Berk. 
§Psalliota arvensis 
(Schaeff.), Fr. (2) 
P. arvensis var. hortensis 
(Cooke), W. G. Smith 


2 
tP. campestris (L), Fr. 
P. vinacea, Clel. (2) 
P. xanthoderma, Genev. (2) 
P. sp. 2. (2) 
tPsathyrella disseminata 
(Pers.), Fr. (2) 
Psilocybe asperospora, Clel. 
P. echinata, Clel. 
*P. ef. ericaea, Fr. 
P. murcida, Fr. 
P. subaeruginosa, Clel. 
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tRussula delica, Fr. 

R. Flocktonae, Clel. et 
Cheel. 

R. Mariae, Peck. 

R. pectinatoides, Peck. 

R. persanguinea, Clel. 

R. purpureo-fiava, Clel. 


tSchizophyllum commune, 
Fr. 
Scleroderma flavidum, Ellis 
et Everh. 
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Sterewm elegans, Meyer (2) 
tS. hirsutum (Willd.), Fr. 
8S. illudens, Berk. (2) 
8. sp. 1. 

8S. sp. 2. 

S. sp. 3. 

Stropharia stercoraria, Fr. 


Thelephora terrestris, Ehrh. 


Trametes lilacino-gilva, 
Berk. (2) 


SUMMARY OF RESPONSES. 


T. ochroleuca, Berk. 
Tremella fuciformis, Berk. 
tT. mesenterica (Retz.), Fr. 
§Tremellodon gelatinosum 
(Seop.), Pers. 
Tricholoma coarctata, 
Cke. et Mass. 
tT. cuneifolium, Fr. 
§T. nudum (Bull.), Fr. 
tT. terrewm, Fr. 
7. =. 1. 


Number of species active against Staphylococcus aureus only 39 


“ Escherichia coli 


pe both 


1 
20 


” 


With one exception, Mycena galopus, which has not been confirmed, none is active against EZ. coli 


unless it is also active against Staph. aureus. 


Approximately one-third of the species giving 
a positive result are active against both. 
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Anacultures prepared by formalinization of Cl. welchii type D cultures are 
widely used in this country for vaccinating sheep against enterotoxaemia. They 
consist essentially of « toxoid and bacillary cells, and are prepared by adding 1-0 
p.c. of formalin to 4—6 day cultures of Cl. welchii type D which are then incubated 
at 37° C. for a period of from 10 to 14 days. No account is taken of the pH at 
which toxoiding proceeds, which in our experience with 4-6 day cultures in V.F. 
broth plus 0-25 p.c. glucose is usually between pH 5 and 6 after the addition of 
1-0 p.c. of formalin. When cultures are converted into anacultures by this pro- 
cedure, detoxication is always accompanied by a loss of combining power, which 
averages about 20 p.c. and may range with different batches from 10 to 30 p.c. 

When crude culture toxin is converted into toxoid, factors which might be 
expected to influence the reaction are the amino-nitrogen content of the culture, 
the temperature of incubation, the concentration of formaldehyde and the pH 
at which the reaction proceeds. By following the course of toxoid formation when 
each of the last three factors was varied in turn, it was thought that it should 
be possible to select a combination of them which would yield the most rapid de- 
toxication with minimal loss of antitoxin combining power. 


METHODS AND MATERIALS. 


The toxinogenic L.A.R. strain ‘‘326” (Turner and Rodwell, 1943) was used throughout. 
Freshly boiled V.F. broth + 0-25 p.ec. glucose was inoculated with an actively growing culture 
of this strain after 2-3 rapid passages in liver piece broth and incubated for 54 days at 37° C., 
after which it contained maximal amounts of ¢ toxin and practically no @ and a toxins. Virtually 
ecll-free toxins were prepared by passing such cultures through a Sharples supercentrifuge. 
Some of the experiments were later repeated using whole cultures. 

Toxicity was determined in mice. Unbound formaldehyde in the sample was first combined 
with ammonium hydroxide. Pairs of mice were injected intravenously with a series of toxin 
dilutions decreasing usually in 50 p.c. steps (20 p.c. in the final experiment). For the purpose 
of this paper the smallest dose which killed both of the mice within 48 hours was termed the 
LDj99. The minimal amount of toxin that may be detected by this technique is 2 LD, 9/ml., 
because volumes larger than 0-5 ml. are likely to cause non-specific deaths when injected intra- 
venously into mice. 

Combining power (C.P.) was determined by the method described in an earlier communica- 
tion (Turner and Rodwell, 1943) and the same unit was used, the results being recorded as 
antigenic units per ml. (A.U./ml.). The dilutions of toxin or toxoid differed by 10 p.c., and 
mice varying in weight from 20-30 gm. were injected in groups of three for each toxoid-antitoxin- 
toxin mixture. 

Formaldehyde was estimated colorimetrically by the phenylhydrazine method as described by 
Matsukawa (1939). The values given by this method are somewhat lower than those determined 
by the dimedone method, and Matsukawa states that only free formaldehyde and not ‘‘re- 
versibly bound’’ formaldehyde is estimated. It was found necessary to standardize the condi- 
tions of colour development very carefully to obtain reproducible results. The procedure finally 
adopted was to incubate for 10 minutes at 40° C. after adding the sodium chloride and pheny}- 
hydrazine solutions, and to take the readings after exactly 10 minutes incubation at 15° C. from 
the time of adding the potassium ferricyanide solution and hydrochloric acid. When developed 
in this way the colour was of maximal density after 10 minutes at 15° C., but then began to 
fade quickly. The optimal formaldehyde concentration for the estimation was 0-1-)-2 mg. p.c. 
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Distilled water was therefore used in the preparation of the blank because the toxins or toxoids 
had always to be diluted at least 1: 100 for the estimation and the colour contributed by the broth 
constituents did not interfere. A ‘‘Spekker’’ (Adam Hilger & Oo.) photoelectric colorimeter was 
used at first, but a laboratory-constructed Evelyn instrument (Evelyn, 1936) with a greep 
(Wratten No. 74e) filter transmitting maximally at 530 my was later employed. 

Amino nitrogen was determined by alcoholic KOH titration in 90 p.c. aleohol. The samples 
were first neutralized by matching against a neutral standard prepared by adding 0-25 ml. of 
0-01 p.c. aqueous neutral red solution to 5 ml. of the sample, adjusting to a definite red with acid 
or alkali and stabilizing the pH by the addition of 1-0 ml. M/15 phosphate buffer at pH 7-0. 
For the test 5 ml. samples were taken, 0-25 ml. of neutral red solution added and acid or alkali 
added to match the neutral standard. The volume was then made up to 10 ml. and 2-0 ml. 
aliquots were taken for the titration. Thymolphthalein was used as the indicator. The titration 
figure after subtracting the alkali equivalent of 18 ml. alcohol was the volume of N/20 KOH 
equivalent to 1-0 ml. of the original sample. 

The formaldehyde content of the formalin used was determined by oxidation with hydrogen 
peroxide and titration of the resulting formic acid, and was found to contain 36-4 p.c. w/v 
formaldehyde. 
EXPERIMENTAL. 
Influence of Temperature. 


To a sample of cell-free toxin was added 1-0 p.c. of formalin, = 364 mg. formaldehyde p.c. 
w/v. The pH was then adjusted colorimetrically to 7-0 and the material divided into 3 portions 
which were incubated at 22° C., 37° C. and 45° C. respectively. 

After 3 days incubation the pH, originally 7-0 in all cases, was 6-5 in the materials incubated 
at 45° C. and 37° C., and 6-7 at 22° C. 

The toxin, before the addition of formalin, contained 125 LDj99/ml. When incubated with 
1-0 p.c. of formalin at 22° C. toxicity decreased after 2 days to 16 LaDj99/ml., after 8 days to 
4 LDjo99/ml. and after 12 days to less than 2 LD,99/ml. When incubated at 37° C. or 45° C., 
toxicity had decreased to less than 16 LD, 99/ml. after 1 day, and to less than 2 LD ,99/ml. after 
2 days. Detoxication was more rapid than expected at the higher temperatures and the series of 
doses injected after incubation for one day all contained less than a lethal dose. It can only 
be concluded therefore that detoxication was complete after 2 days incubation, whereas incuba- 
tion for 12 days was necessary to effect complete detoxication at 22° C. 
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Incubation Period (days) 


Fig. 1. Effect of concentration of formalin 
on the rate of fixation of formaldehyde at pH 7-0. 
Mg. p.c. HCHO fixed (ie. HCHO added minus 
HCHO free) is plotted against the incubation 
period at 37° C. in days. 


Incubation Period ays) 


Fig. 2. Effect of pH on the rate of fixation 
of formaldehyde. Formalin added 0-5 p.ec. 
(v/v). Mg. p.c: HCHO fixed (ie. HCHO added 
minus HCHO free) is plotted against the period 
of incubation at 37° C. in days. 
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Free formaldehyde estimations showed that the rate of fixation of formaldehyde increased 
with increasing temperature. After 2 days incubation, free formaldehyde had decreased from 
364 mg. p.c. (the amount added) to 140, 87 and 76 mg. p.c. at 22°C., 37°C. and 45°C. respectively. 

The combining power of the toxin before incubation with formalin was 2-3 A.U./ml. This 
decreased to 1-9 A.U./ml. (i.e. 17 p.c. loss) after 2 days incubation at 22°C. and 37°C., and to 
1-7 A.U./ml. (26 p.c. loss) at 45°C. Combining power then stabilized, and the same values 
were obtained after 12 days incubation. 

It would appear therefore, that the optimal temperature for toxoiding is at about 37° C., 
since detoxication is almost as rapid at this temperature as at 45° C., and loss of combining 
power is no greater (within the limits of sensitivity of the test) than at 22°C. 


Influence of Formaldehyde Concentration. 


A batch of cell-free toxin was divided into four parts, to three of which were added 1-0 p.c., 
0:5 p.c. and 0-25 p.c. of formalin respectively ; the fourth received none. The pH of each was then 
adjusted colorimetrically to 7-0, and the toxin to which no formalin had been added was 
sterilized by passage through a Seitz E.K. disc, the first part to come through being discarded. 
The pH did not alter appreciably during filtration. Incubation was at 37°C. The results of 
the LDj99, C.P and free formaldehyde determinations are shown in Tables 1-3 respectively, and 
the fixation of formaldehyde is illustrated in Fig 1 in which mg. p.c. formaldehyde fixed are 
plotted against the period of incubation. 


TABLE 1. 


Effect of concentration of formalin on detoxication. Temperature 37° C.: pH 7-0. 
Results as LD 99 per ml. 


Time of incubation Concentration of formalin (p.c.). Nil 
with formalin. 1-0. 0-5. 0-25. (filtrate). 


0 hours (initial) 125 64* 
5 hours 32 

22 hours 4 
2 days <2 
3 days 
4 days 
7 days 

11 days 

17 days 

29 days 

49 days 

67 days 


i 
— tr 
toe Om isi) 


A 


*Presumably due to loss during Seitz filtration. 


TABLE 2. 


Effect of concentration of formalin on loss of C.P.' Temperature 37° C.: pH 7-0. 
Results as A.U./ml. 


Time of incubation Concentration of formalin (p.c.). 
with formalin. “0. 0-5. 0-25. Nil (filtrate). 
Initial C.P. ° 1-9 1- 1-7* 
1 day ° 1-7 1- 
2 days 1- 
4 days ° 
7 days 
9 days 
17 days 
29 days 
49 days . 1-5 
67 days 1-4 
* Presumably due to loss during Seitz filtration. 


The pH values of samples taken after 5 days incubation from toxin incubated with 1-0, 0-5, 


0-25 p.c. and from toxin incubated without formalin were 6-6, 6-7, 6-8 and 6-9 respectively. 
The pH then stabilized at these levels and the values were the same after 35 days incubation. 
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TABLE 3. 


Effect of concentration of formalin on the fixation of HCHO. Temperature 37° C.: pH 7-0. 
Results as mg. p.c. free HCHO. 


Time of ineubation Concentration of formalin (p.c.). 
with formalin. 0. 0-5. 0-25. 


Formaldehyde added 182 
Immediately after neutralization 157 
28 hours 

2 days 

3 days 

4 days 

7 days 
11 days 
35 days 28-2 


These results show that of the formalin concentrations used the minimal concentration 
necessary for complete detoxication of this toxin in a reasonable time at pH 7-0 and at 37° C. 
is 0-5 p.c. Toxin without formaldehyde when adjusted to pH 7-0 proved unexpectedly stable, 
no loss of toxicity being observed even after 67 days, so far as could be determined by the coarse 
50 p.c. dilution series used; but that some destruction of toxin occurred during this period is 
evident from the decrease in C.P. of approximately 20 p.c. which was observed during this 
time. Loss of C.P. after incubation with 0-5 p.c. of formalin for 7 days (after which period 
detoxication was complete) was slightly less than after incubation with 1-0 p.c. for 1 day. The 
loss in C.P. with 0-25 p.e. of formalin was greater by an undetermined amount since detoxication 
was still not complete after 67 days incubation. Part of the loss with 0-25 p.c. of formalin may 
be due to deterioration of unmodified toxin during continued incubation. 


Influence of pH. 


Bacteria-free toxin, after the addition of 0-5 p.c. of formalin, was divided into 4 parts which 
were adjusted colorimetrically to pH values of 5-0, 6-0, 8-0 and 9-0 respectively. They were 
incubated at 37° C. 


TABLE 4, 


Effect of pH on detoxication. Formalin 0-5 p.c. Temperature 37° C. Results as LD, per ml. 


Time of incubation 
with formalin. 5-0. 6-0. “0. “0. 9-0. 
0 hours (initial) 125 125 125 
22 hours 32 32 
2 days 16 16 
3 days 
4 days 
5 days 
6 days 
7 days 
8 days 
10 days 
13 days < 


| om 


A 
to to bo 


TABLE 


Effect of pH during tozoiding on loss of C.P. Formalin 0-5 p.c. Temperature 37° C. 
Results as A.U./ml. 


Time of incubation 
with formalin. 5-0. 6-0. 
Initial C.P. . 1-7 
7 days 
14 days 1-5 
p.c. loss of C.P. 12 
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The results of the LDj99, C.P. and free formaldehyde estimations are shown in Tables 4 to 6 
respectively. The fixation of formaldehyde is shown in Fig. 2 in which formaldehyde fixed is 
pletted against the period of incubation. 

The results obtained in the previous experiment when toxin was incubated with 0-5 p.c. of 
formalin at pH 7-0 are included again here for comparison with the results obtained at pH values 
of 5-0, 6-0, 8-0 and 9-0. 


TABLE 6. 


Effect of pH on fixation of formaldehyde. Formalin 0-5 p.c. Temperature 37° C. 
Results as mg. p.c. free HCHO. 


Time of incubation 
with formalin. 5-0. 6-0. 0. 8-0. 9-0. 


Formaldehyde added 182 182 182 182 

Immediately after adjusting pH 158 157 141 132 

24 hours 125 90 ° 40- 36- 
2 days 112 76 ° 31- 28- 
3 days a - . —_ —_ 
4 days 7 —_ ° — _ 
5 days 86 53 19- 17- 
6 days 75 50-0 18- 15- 
7 days 67 46-0 _ — 
8 days 64 45-6 15- 13- 


Detoxication and fixation of formaldehyde became progressively more rapid with increasing 
pH. Loss of C.P. in this experiment was approximately 20 p.c. at pH values of 5-0 and 9-0, and 
10 p.c. at pH values of 6-0, 7-0 and 8-0. 


Experiment Using Whole Culture. 


In the manufacture of enterotoxaemia vaccine, whole cultures of Cl. welchii type D are used, 
principally to avoid the added cost of separating the bacterial cells. The effect of pH and 
formalin concentration was therefore investigated using whole culture in place of cell-free 
culture supernatant. 

The total cell count of a 54 day culture of strain ‘‘326’’, determined by means of a 
Stiassnie counting chamber, was 855 million organisms per ml. The amino nitrogen value for the 
medium before inoculation was equivalent to 2-51 ml. N/20 KOH per ml. of medium; that of the 
supernatant of the 54 day culture was equivalent to 5-90 ml. N/20 KOH per ml.; and of the 
uncentrifuged culture 5-98 ml. N/20 KOH per ml. culture. 

The culture was divided into 6 lots: to three of these was added 1-0 p.c. of formalin, and 
to the other three 0-5 p.c. Both series were then adjusted to pH values of 6-0, 7-0 and 8-0 
respectively and incubated at 37° C. 

Toxin dilutions used for the LD,99 determinations were prepared at 20 p.c. intervals in this 
experiment instead of at 50 p.c. 

The results of the LD,99, C.P. and free formaldehyde determinations are shown in Tables 7 
to 9 respectively. 

The decrease in toxicity of the cell-free material is also shown in Fig, 3, in which log LDj99 
per ml. is plotted against the period of incubation, and the fixation of formaldehyde is shown in 
Fig. 4 in which mg. p.c. formaldehyde fixed is plotted against the period of incubation. 


TABLE 7. 


Effect of pH and concentration of formalin on detoxication of whole culture. Temperature 37° C. 
Results as LD per ml. 


Period of incubation (days). 
Initial. 7 
125 . 
125 
125 
125 
125 
125 


Concentration of formalin 
added (p.c.). 


mH 


1-0 


0-5 


OIA DONA wo 
eco ooo 
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TABLE 8. 


Rffect of pH and concentration of formalin on loss of C.P. during detoxication of whole culture. 
Temperature 37° C. Results as A.U./ml. 


C.P. (A.U./ml.). 
After 48 days incubation. 
1-7 


Concentration of formalin 
(p.c.). Initial. 
1-9 
1-0 


0°5 


1: 
1- 
1- 
1- 
1- 


TABLE 9. 


Effect of pH and concentration of formalin on the fixation of formaldehyde by whole culture.- 
Temperaiure 87° C. Results as mg. p.c. free HCHO. 


Time of incubation (days). 
pH. 0(amountadded) 1 2 5 7 8 15 


Concentration of 
formalin (p.c.). 


. 364 194 
1:0 . fe 144 
. 82 
. 110 
0-5 . 72 
. 39 


167 
100 
56 


83 
51 
28-0 


150 
70 
40 
55 
36-2 
24°3 


139 
61 
31°5 
55 
31°5 
20-1 


58 

29-0 
49-3 
30°6 
14-3 


120 
46-8 
24-0 
30-0 
20-0 

8-4 


As might be expected from the small difference between the amino nitrogen values of the 
whole culture and of the cell-free supernatant, the results with whole culture are not sensibly 
different from those obtained with cell-free supernatants. 

Ineubating whole cultures with 0-5 p.c. of formalin at pH 7-0 effected complete detoxication 
in 9 days at 37° C. It was necessary to determine whether this concentration of formalin is 
sufficient to sterilize the culture. 

A 54-day culture of strain ‘‘326’’ was therefore incubated with 0-5 p.c. of formalin at 
37° C. and at pH 7-0. Samples of 1-0 ml. were taken at intervals, and, after combining excess 
formaldehyde with ammonium hydroxide, were inoculated into 100 ml. amounts of Brewer’s 
thioglycollate broth. The results (Table 10) show that the culture is virtually sterile after 
12 days incubation with 0-5 p.c. formalin, since at this stage growth did not occur until incubation 
had proceeded for 21 days. 


TABLE 10. 
Culture incubated with 0-5 p.c. formalin at 37° C. and pH 7-0. 


Period of incubation Results of sterility test. 
with formalin (days). Culture. Incubation period (days). 

2 1 

4 3 

9 7 

12 21 

16 30 


Results of sterility tests. 


DISCUSSION. 


The results of the work reported here indicate that the rates of formaldehyde 
fixation and of detoxication increase as the temperature is increased from 22° C. 
to 45° C. However, the loss of combining power is detectably greater at 45° C. 
he optimal temperature for toxoiding would therefore appear to be about 37° C. 

The rates of fixation of formaldehyde and of detoxication are shown to in- 
crease rapidly with increasing pH. This has been shown to be generally true of 
the formalinization of bacterial toxins by a number of workers. Burnet (1931) 
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demonstrated it with staphylococcal haemolysin and Hewitt (1930), Eaton (1937) 
and others with diphtheria toxin. Indeed Follensby and Hooker (1936) have 
suggested that formation of toxoid from toxin may be catalysed by formaldehyde 
and hydroxyl ions. Eaton (1937) showed that a solution of carefully purified 
diphtheria toxin required a concentration of formaldehyde one hundred times as 
great for complete detoxication at pH 6-0 as at a pH of 8-6. Unless the minimal 
concentration of formaldehyde was used, detoxication at the higher pH was at- 
tended by an actual destruction of toxin as evidenced by a greatly increased floccu- 
lation time (Kf) and by a lower Lf value of the resultant toxoid. With the « 
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the period of incubation at 37° C. in days. fixed (ic. HCHO added minus HCHO free) is 


plotted against the period of incubation at 37° C. 
in days. 


mg. per cent. HCHO 
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toxin of Cl. welchii type D, however, a greater decrease in combining power than 
that occurring at pH values between 6 and 8 did not become apparent with 0-5 
p.c. of formalin until the pH was increased to 9-0. Bunney (1931) reported that 
the presence of amino acids, peptones or proteins was essential to prevent the 
destruction of acid-precipitated diphtheria toxin during toxoiding and it is pos- 
sible that they exert a similar action in preventing the destruction of ¢ toxin at 
higher pH levels. The flocculation reaction has the advantage that the Kf value 
or flocculation time is a sensitive index of damage to the toxin molecule. Unfortu- 
nately Cl. welchii « toxin did; not lend itself to exact determinations of combining 
power by the flocculation reaction, numerous attempts by us to develop such a 
test having failed : flocculation always occurred over a wide range of antitoxin con- 
centrations at almost the same instant and this zone did not always coincide with 
the value expected from in vivo combining power titration. The titration of com- 
bining power in mice gives reliable results when toxin or toxoid dilutions differing 
by 10 p.c. are used, if groups of not less than 3 mice of fairly even weights 
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are injected with each mixture, but limited supplies of mice of the same weight 
necessitated the use of mice of weights varying from 20-30 gm. However, within 
the limits of the error of C.P. determinations, loss of C.P. appears to be minimal 
in the region of pH 7-0 and is definitely greater at pH 5-0 and 9-0. It may be 
concluded that the toxoiding of Cl. welchii type D cultures in V.F. medium may 
be greatly accelerated and the maximum combining power may be retained by 
using 0:5 p.e. formalin, then adjusting the pH to 7-0, and incubating at 37° C. 
for say 14 days. Loss of combining power is minimized by avoiding the use of 
excessive formalin concentrations. The optimal concentration of formalin with 
cultures in V.F. medium is 0-5 p.c., but this may not be true of cultures in other 
media. The use of hexamethylenetetramine which slowly decomposes with the 
liberation of formaldehyde should be worth investigating. 

These experiments were not designed to throw light on the mechanism of the 
reaction between toxin and formaldehyde. For this purpose toxin carefully puri- 
fied from other substances containing free amino groups would be necessary. It 
has been pointed out by Eaton (1937) that with both erude and purified toxin the 
amount of formaldehyde required for detoxication in a reasonable time is not 
greater than the theoretical quantity necessary to combine with all the free amino 
nitrogen and that for the reaction which occurs in the Sérensen titration a large 
excess (about 60 times theoretical) must be added to combine with all the free 
amino groups. In the case of the crude toxins used here the theoretical amount of 
formalin that would be necessary to combine with all the free amino groups on 
the basis of the alcoholic KOH titration would be 0-8 p.c., whereas 0-5 p.c. was 
sufficient for complete detoxication. 

The results set out in Table 3 show that only 14 p.c. of the formalde- 
hyde added was immediately fixed at pH 5-0 and 28 p.c. at pH 9-0. Reference 
to Figs. 1, 2 and 4 shows that the greater part of the formaldehyde is only slowly 
removed from solution and that the removal of formaldehyde continues after de- 
toxication is complete. Hewitt (1930) and Eaton (1937) are of the opinion 
that the reaction which occurs during the modification of toxin to toxoid by formal- 
dehyde differs from the usual reaction between amino groups and formalde- 
dehyde in the Sérensen titration. However, Holden and Freeman (1931) have 
shown that with low concentrations of formaldehyde, the reaction with amino 
acids, proteoses and peptones is very slow, but occurs most rapidly with histidine 
and tyrosine. They also showed that the velocity of the reaction increases with 
increasing pH, and suggest that the reaction occurs only with the undissociated 
amino group. It therefore seems more probable that the reaction between formal- 
dehyde and toxin does not differ essentially from that between formaldehyde and 
amino acids, peptones, ete. Since a concentration of formaldehyde less than the 
theoretical necessary to combine with all the free amino groups present will effect 
complete detoxication of Cl. welchu « toxin, and since detoxication is complete be- 
fore all the formaldehyde has been combined, the essential amino acid residues 
involved in the reaction may be histidine or tyrosine. 


SUMMARY. 


The optimal conditions of temperature, formalin concentration and pH for 
the conversion of crude Cl. welchti type D toxin into toxoid by formaldehyde have 
been investigated. 

It is concluded that the optimal temperature is about 37° C. and that the 
process may be greatly accelerated by adjusting the pH after the addition of for- 
malin to a value between pH 7-0 and 8-0. 
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Loss of combining power is minimal when detoxication proceeds in the region 
of pH 7-0 and when excessive concentration of formalin is avoided. 

It is suggested that cultures for the preparation of Cl. welchit type D toxoid 
are most efficiently toxoided by adding 0-5 p.c. of formalin, adjusting the pH to 
7:0, and incubating for a period of 14 days at 37° C. 
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The coagulase reaction is generally accepted as the best single test of patho- 
genicity in a staphylococcus. Other tests used include pigment-production, 
haemolysis, toxin-production, agglutinability with anti-sera prepared from patho- 
genic strains and mannitol fermentation. Chapman et al. (1937) have described 
three tests using special media. Fibrinolysin-production is another indication of 
pathogenicity, although all pathogenic strains are not fibrinolytic (Madison, 1933; 
Christie and Wilson, 1941). Recently North and Christie (1945) have shown 
that the ability of a strain to kill mice could be adapted to give another convenient 
test. 

Cowan (1938) subdivided staphylococci into two groups, a haemolytic group 
with three sub-divisions depending upon the type of toxin produced, and a non- 
haemolytic group sub-divided on the basis of mannitol fermentation. Field and 
Smith (1945) suggested that staphylococci be divided into two groups, Staphylo- 
coccus pyogenes and Staphylococcus saprophyticus. 

A number of strains of staphylococci have been tested in these laboratories 
for ability to produce coagulase, haemolysin, toxin, pigment and fibrinolysin and 
to ferment mannitol, the original purpose being to investigate how far pathogeni- 
city for mice would correlate with other indications of pathogenicity. The results 
indicate that on the basis of the coagulase-test and of haemolysis on sheep blood 
agar, staphylococci may be divided into three broad groups, viz., coagulase-positive 
strains of definite pathogenicity, coagulase-positive strains of doubtful pathogeni- 
city and non-pathogenic strains. They agree with the usual view that staphylo- 
cocci form one large group of organisms with varying biochemical and pathogenic 
properties. The tendency shown by many strains to throw variants with fewer 
of the properties characteristic of pathogens than those possessed by the parent 
strains suggest that the fully pathogenic staphylococcus showing all these proper- 
ties is the original organism, and that as one property after another is lost, the 
organism degenerates to the typical non-pathogen with none of the special pro- 
perties possessed by the typical pathogen. 

Chapman et al. (1937) found that the commonest form of degeneration was 
loss of haemolytic power. Singer (1945) also reports this loss. 


MATERIALS AND METHODS. 


Strains used. 1,027 strains of staphylococci were examined. Those of human origin came 
from cases of osteomyelitis, soft tissue wound infections, boils, furuncles, throat swabs, urines, ete. 
Of those of animal origin, 3 were from nasal swabs of dogs with distemper, one was from an 
abscess on a horse, 3 were from rabbits with ear abscesses, 2 wera from a calf with a ruptured, 
infected cyst, 5 were from milk of sheep with mastitis, and 114 from milk of cattle with mastitis. 
The non-pathogenic strains in the collection were mainly encountered in the examination of 
specimens for pathogens. 

Coagulase test. Fresh, oxalated human plasma, diluted ten times with normal saline, was 
dispensed in 2 ml. quantities in small tubes. The inoculum used was a scraping from a 24 hours 
agar slope culture. A positive and a negative control and an uninoculated tube were included 
in each set of tests. Readings were made after 4 and after 24 hours’ incubation at 37° C. 

Haemolysis. Plates were poured from nutrient agar to which 5 p.c. defibrinated sheep blood 
had been added. These were ‘‘spot-inoculated’’ from agar slope cultures, 8 strains being tested 
on each plate. After 24 hours’ incubation at 37° C., a zone of lysis with an indeterminate edge 
was taken as a sign of a toxin-production, a zone with a sharp edge as evidence of production 
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of a toxin plus some § toxin, while a zone of lysis surrounded by a darkened zone meant produc- 
tion of a toxin with a considerable amount of 8 toxin (Bryce and Rountree, 1936; Christie and 
North, 1941). 

Toxin production. Nutrient broth containing 0-1 p.c. glucose and 0-1 p.c. agar was inocu- 
lated with the strain to be tested, and incubated for 3 days at 37° C. in an atmosphere of 20 p.c. 
oxygen and 80 p.c. carbon dioxide. The liquid was then clarified by centrifugation and 0-02 p.c. 
merthiolate added. A series of doubling dilutions was then prepared and tested against rabbit 
and sheep cells as described by Bryce and Rountree (1936). 

Pigment. One part of sterile whole milk was added to 4 parts of liquid nutrient agar and 
plates poured. After inoculation, the plates were kept at 37° C. for 2 days and at room tempera- 
ture near a window for 3 further days. 

Fibrinolysin. One part of oxalated human plasma was added to 7 parts of liquid nutrient 
agar at 50°C. The mixture was heated to 56° C. for 5 minutes and plates poured. Strains 
were inoculated on to these plates, 8 per plate, and incubated overnight. Zones of clearing around 
colonies were taken to indicate fibrinolysis. 

Fermentation of mannitol. Peptone water containing 1 p.c. mannitol, with brom-cresol-purple 
as indicator, was used. Readings were made daily up to 14 days. 

Mouse pathogenicity. Suspensions in saline containing 4,000 million organisms per ml. as 
measured against Burroughs Wellcome standard opacity tubes were prepared from 24 hours agar 
slope cultures. One ml. of this was given intraperitoneally to each of five mice weighing 
18-22 gm. The mice were examined 24 hours after inoculation. 


RESULTS. 


The strains were divided on the basis of their biochemical reactions and the results are shown 
in Table 1. 


TABLE 1. 


Results of tests for production of coagulase, haemolysin, fibrinolysin and pigment and for 
fermentation of mannitol, showing nwmber of strains with each set of properties. 
Number of strains. 
Coagulase. aToxin.* £ Toxin. Fibrinolysin. Mannitol. Pigment. Human. Animal. 


a 
+ 


- ~ 
ot 


Pathogens 
I++} 1414+ 
| |++++4++4+ 


Doubtful pathogens 


+t4++++4++4+4+ +4+4+4+444 

[HI THI HRA +4+44+44 

Li+)HI1+1+H4 

LLL ttti lie +l lt 
Lee ltt ttet tlt $41 14444 


LLL dee Het tttett4+ 
teen a, ee, 


Non-pathogens 
ESecaa 
PiHIi+] | 


Total 128 


* Strains showing only a trace of haemolysis on sheep blood agar are entered as in the 
a toxin column. 
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Haemolysin and Toxin. 


With nearly all haemolytic strains, there was no difficulty in deciding whether they produced 
2 or 8 toxin from the appearances around their colonies on sheep blood agar. Toxic filtrates 
from 100 of these, titrated against rabbit and sheep cells, gave results which agreed with the 
plate haemolysis. 

The detection of 8 toxin in the presence of much a toxin, however, was uncertain with many 
strains, as there is no sensitive test for this toxin in filtrates or on blood agar. Christie and North 
found that at least 85 p.c. of a strains produced 8 toxin as well. The percentage may prove to 
be much higher when a sensitive test is devised. In view of this and also because of the lack of 
apparent significance of § toxin, strains producing a toxin and little 8 toxin have been grouped 
with the a strains, and only those producing sufficient 8 toxin to form a zone of darkening around 
the clear zone of a lysis have been classed as a f strains. 

Four strains labelled as pure f strains from plate tests were found to produce a toxin as well 
when their toxic filtrates were examined. When grown on blood agar under conditions more 
favourable to production of a toxin, i.e. in an atmosphere with increased CO, tension, a lysis was 
evident. The failure of this to show normally was probably due to the 8 toxin being produced in 
such quantity as to inhibit lysis of the red cells by a toxin (Christie and Graydon, 1941). One of 
these strains, when first isolated several years ago, gave a toxin which lyzed rabbit but not sheep 
cells at 37° C. and caused considerable ‘‘hot-cold’’ lysis of sheep cells. The latter was due to 
8 toxin but the rabbit cell lysis, in the absence of sheep cell lysis at 37° C., suggested that this 
may have been due to a toxin distinct from a toxin and resembling that mentioned by Flaum and 
Forssman (1936). Toxins prepared with one and two days’ incubation behaved as a toxins, 
while one prepared with three days’ incubation again caused lysis of rabbit cells but no lysis 
of sheep cells at 37° C. It seemed more probable that an interfering agent caused the abnormality 
in the three-day toxin than that the a toxin had changed to a new one. After toxoiding with 
formalin until no detectable haemolysin was present, the liquid was still toxic for rabbits, 0-5 ml. 
given intravenously killing four rabbits overnight, while 0-1 ml. killed one out of two rabbits, 
the survivor being very sick for several days before it recovered. Recent attempts to produce this 
abnormal haemolysin with the organism recovered from the dried condition have failed, nor has 
any toxicity been demonstrable in toxoided filtrates. 

With strains producing only a trace of haemolysis on blood agar, it was difficult to decide 
whether the trace was due to a toxin or to some other agent. Many coagulase-negative strains 
showed a similar trace, especially if incubation were extended to 48 hours. Twelve of these 
strains were inoculated into toxin-broth and the filtrates, after 3 days’ incubation, titrated against 
rabbit red cells. Eight caused lysis, but only in low dilution. Of these eight, the lysis was only 
inhibited in three by treatment with a anti-toxin. As this anti-toxin was not definitely specific 
for a toxin, no conclusion was drawn. Two other coagulase-negative strains, both isolated from 
acne pustules, gave more than a trace of haemolysis on blood agar although less than that given 
by the usual toxigenic strains. Yet neither produced more than a trace of haemotoxin in broth. 

No strain showing considerable haemolysis on blood agar failed to coagulate plasma. Only 
one strain was found which produced no haemolysis at all and no soluble toxin, but which 
coagulated plasma. 


Fermentation of Mannitol. 


This was found to agree fairly well with coagulase-production, as has been frequently 
reported. 811 of 817 coagulase-positive strains and 53 of 210 coagulase-negative strains fer- 
mented mannitol. From Table 1 it will be seen that the agreement was less marked with strains 
of animal origin than with those of human origin. 

Of 400 recently-isolated coagulase-positive strains, only 3 failed to ferment mannitol within 
24 hours. Two of these did so within 48 hours, while the third failed to do so within 14 days. 
Of 106 coagulase-negative strains isolated at the same time as this, one fermented mannitol within 
24 hours, 8 within 2 days, 8 within 3 days, 1 in 4 days, 2 in 5 days and 2 in 6 days. Fermentation 
of mannitol has therefore considerable value as a presumptive test for pathogenicity if readings 
are made within 24 hours. 


Pigment-Production. 


This also agreed with the coagulase test fairly well, but many of the strains required the 
special medium and several days’ incubation before the presence of pigment was definite. All 
degrees of pigmentation were found, from the usual deep orange to a shade difficult to distinguish 
from that of albus strains. The production of lemon-yellow or citreus pigment was shown by 
some strains which were typically pathogenic by other tests, as well as by some non-pathogenic 
strains. Such strains were included with the aureus strains in Table 1, since there was no obvious 
reason for classifying them separately. 

The results agree with the conclusion of Field and Smith (1945) that pigment has little value 
as an indicator of pathogenicity, but with the qualification that strains which quickly produce 
much pigment are most probably pathogenic. 
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Fibrinolysin Production. 


With strains of human origin, 651 of 685 coagulase-positive strains were fibrinolytic. Of 
the 34 non-fibrinolytic strains, 31 were strong producers of 8 toxin, some being old strains and 
others freshly isolated. 

With strains of animal origin, 9 of 117 coagulase-positive strains were fibrinolytic. Of 
these 9, 3 were isolated from abscesses in the ears of rabbits which had been subjected to much 
bleeding from ear veins and therefore may have come from human sources. Of the 108 non- 
fibrinolytic strains, 80 were strong producers of 8 toxin while 6 of these 80 produced no appre- 
ciable quantity of a toxin. Seventeen of the 108 strains were tested for fibrinolysin using ox, 
horse and sheep plasma as well as the human plasma used in the routine tests. Negative results 
were again obtained except with one strain which was positive with sheep plasma only. This 
strain also showed the peculiarity that it coagulated sheep plasma but not that of ox, horse or man. 

The difference in fibrinolytic activity shown by strains of human origin as compared with 
those of animal origin was so definite as to suggest that some strains were specific for humans 
and others for animals, and that a serological difference, as shown by the streptococci, might be 
detectable. Many of the animal strains were from sources which did not necessarily imply any 
more pathogenicity than that required by a secondary invader (e.g. nasal swabs from dogs with 
distemper, milk from cattle with sub-clinical mastitis, or milk from cattle with clinical mastitis 
when Str. agalactiae was also present), but such as were obtained from sources which indicated 
pathogenicity were also non-fibrinolytic, with the exception of the three rabbit strains mentioned 
above. An anti-serum was prepared from a non-fibrinolytic a § strain isolated post-mortem from 
an abscess in the udder of a cow which died from acute staphylococcal mastitis. The serum 
agglutinated several human fibrinolytic a strains to the same degree as the original animal strain. 
It gave a very strong precipitin reaction with the supernatant fluid from a three days’ broth 
culture of the parent strain but an equally strong one with 6 of 9 human strains selected on the 
grounds of differing biochemical properties. 


Coagulase Production. 


No strain which was definitely haemolytic and of human origin failed to coagulate human 
y'lasma. Several strains, however, whose toxigenicity, as tested on blood agar or against mice, 
was slight, were coagulase-positive. 

Three animal strains, toxigenic on sheep blood agar and against mice, failed to coagulate 
human plasma. When tested against horse, ox and sheep plasma, none of them failed to coagulate 
at least one. A small series was tested against all four kinds of plasma with the results shown 
in Table 2. Smith and Hale (1944) found that an activator present in plasma took part in the 
clotting of plasma by staphylococci and thus explained why some samples of plasma were more 
easily coagulated than others, the amount of activator varying with the sample. This alone 
does not explain the lack of uniformity shown in Table 2. 


TABLE 2. 
Results of coagulase test with different plasmas. 


Origin of Type of plasma. Number of 


© 
" 


strain. Human. Sheep. Horse. strains. 


i++ | +1 


Horse 


| 


A canine strain failed to coagulate each of 6 samples of human plasma, but coagulated each 
of 6 samples of horse plasma, while three control human strains coagulated all 12 samples. 


Mouse Tests. 


When mice were inoculated with strains that were pathogenic as indicated by the usual tests, 
death occurred within 24 hours. With strains having the properties of typical non-pathogens, 
no deaths occurred nor, with few exceptions, were signs of sickness evident. Clea~-cut results 
of this nature were obtained with 120 coagulase-positive strains and 130 coagulase-negative 
strains, five mice being used to test each strain. ; 

Preliminary tests had shown that an inoculum of 4,000 million organisms would kill mice. 
Smaller doses of some strains will also kill mice, but the dose chosen for the routine tests ‘was 
found to be the one most suitable to kill all five mice when a number of typical pathogens were 
investigated. 
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Fifty-three coagulase-positive strains failed to kill all five mice, the number of deaths being 
four or less, in 25 cases nil. All of these strains produced little or no a toxin as shown on sheep 
blood agar. The ability to produce coagulase, pigment, 8 toxin or fibrinolysin or to ferment 
mannitol did not mean that a strain was pathogenic, while inability to produce f toxin, pigment 
or fibrinolysin or to ferment mannitol did not prevent a strain from being pathogenic to mice, 
provided it produced sufficient a toxin. These properties, while possibly playing a réle in 
invasiveness or survival of the organism, are minor ones compared with a toxin-production. 

Two coagulase-negative strains caused death to mice, but neither strain killed all five. 
One strain was weakly and the other definitely fibrinolytic. A third fibrinolytie¢ strain, however, 
which was coagulase-negative showed no pathogenicity to mice while many of the non-fibrinolytic, 
coagulase-positive strains were fully pathogenic. 

Four coagulase-positive strains, pathogenic by all these properties but unable to kill all 
five mice, were further examined. All were old strains which, when plated out, showed the 
ptesence of variants of the kind usually found in old strains; the colonies were mixtures of 
a, af, 8 and non-haemolytic forms. When sub-cultures were made from a haemolytic colonies, 
they were found to be fully pathogenic to mice. 

Two further coagulase-positive strains, sufficiently haemolytic to suggest that they should be 
fully pathogenic, were unable to kill mice, nor did they show mixed colonies. One of these strains, 
when grown in toxin-broth, produced only one-quarter of the a toxin produced by the usual 
pathogen. This toxin was neutralizable by a anti-toxin. The strain required 5 days to ferment 
mannitol. The work of Warmer and Amluxen (1945) suggests that ability of the staphylococcus 
to grow within mice is necessary if death is to follow, and it seems probable that the reduced 
metabolic rate of the above strain enables the defences of the animal to cope with it before 
it can produce sufficient toxin to affect the animal, although it is able to produed sufficient toxin 
in vitro. No such obvious explanation could be found for the second strain, however. This 
strain, which was of animal origin and from a source which did not necessarily indicate patho- 
genicity, was non-fibrinolytic but fully a haemolytic and fermented mannitol within 24 hours. 
It produced as much a toxin in broth as the usual pathogen; ‘this toxin was neutralizable with 
a anti-toxin, and when given intraperitoneally to mice in graded doses was as lethal as the 
toxins from two typical pathogens which gave the same titres when titrated against rabbit red 
cells. The live organisms killed none of 20 mice. 0-5 ml. of a 24 hours broth culture, given 
I.V., did not affect a rabbit. The only unusual feature of the strain, apart from lack of fibrino- 
lysin, was that its suspension in saline showed at times, though not invariably, auto-agglutin- 
ability, a property more common with non-pathogens than with pathogens. If the conclusion 
arrived at, from the results with afl the other strains, that a toxin is the lethal agent, is not 
to be rejected, it must be assumed that this strain has some peculiarity which renders it sus- 
ceptible to attack by the animal before it can generate its toxin. 

A strain producing so little a toxin that it should have shown no pathogenicity to mice 
was found to kill some but not all of the five animals. When plated out, it yielded yellow and 
white colonies, both types showing the same slight degree of haemolysis and giving cultures 
which coagulated plasma. A broth culture from the white colonies after 14 days incubation 
yielded white, non-haemolytic colonies of coagulase-negative organisms. Cultures from all three 
forms, the parent and the two variants, were equally though not fully pathogenic to mice. The 
nature of this lethal power is uncertain since even the parent strain did not produce. sufficient 
toxin on blood agar or in broth, to kill any of the five mice, as judged by the behaviour of other 
strains. The strain, in degenerating, lost its pigment first, but that this is not the invariable 
order of degeneration is seen from the fact that coagulase-negative strains with pigment are not 
uncommon. 

The tentative assumption that pathogenicity to mice was an indication of general patho- 
genicity agreed with pathogenicity as indicated by source. The coagulase-positive strains which 
failed to kill all five mice came chiefly from nose and throat swabs, milk samples and war wounds, 
while such of these strains as came from boils, furuncles and osteomyelitis were old strains which 
had been maintained for years on artificial media and had also been stored in the dried condition. 

The strains in Table 1 have been divided into three groups on the basis of a toxin-production 
as indicated by haemolysin on sheep blood agar. It was not practicable to test all strains against 
mice, but fully a quarter have been so tested. Had the results of the mouse test been used to 
group strains, at least two in the first group and two in the third group would have fallen into 
the second group, while 25 coagulase-positive strains in the second group would have been 
classed with the non-pathogens. 


DISCUSSION. 


The significance of the presence or absence of the different properties of the 
strains examined has been indicated above. It has been shown that, of the various 
tests employed, the production of a haemolysin on sheep blood agar plates agrees 
most closely with the results of the mouse pathogenicity tests. Definite discrepan- 
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cies were found between the tests for coagulase and haemolysin, several strains 
a plasma failing to produce toxin, although the reverse was not 
ound. 

While the results of animal experiments cannot be regarded as a certain in- 
dication of what would happen in human infections, it is perhaps significant that 
the strains that kill mice are those that produce a toxin—a product that certainly 
kills both humans and animals. 

Schwabacher et al. (1945), who compared the pathogenicity of strains as 
judged by source with certain other properties, concluded, as we have, that a 
toxin-production appeared to be the property most closely associated with patho- 
genicity in man. 

In addition to its greater reliability as a criterion of pathogenicity, the test 
for haemolysis on sheep blood agar has certain technical advantages over the 
coagulase test. If used for primary isolation instead of nutrient agar, strains 
showing definite haemolysis need not be tested for coagulase, the occasional patho- 
genic non-pigmented strain is less likely to be ignored, the presence of more than 
one kind differentiated by type of haemolysis can be detected in a manner not 
possible on nutrient agar plates, while mixed infection with an organism which 
grows poorly or not at all on nutrient agar plates will be noted. If a series of 
strains, already isolated, is to be tested, as many as sixteen can be incubated on 
one plate, while the medium can be stored for at least seven days at 4° C. Sheep 
blood is readily obtained in standard laboratories. An occasional error in the 
coagulase test is possible where fibrinolysis of the clot occurs rapidly after forma- 
tion, while with animal strains, an error is possible if an unsuitable plasma is used. 


SUMMARY. 


1,027 strains of staphylococci have been tested for ability to produce coagu- 
lase, haemolysin, fibrinolysin and pigment and to ferment mannitol. 312 of 
these strains have been tested for pathogenicity to mice. 

Production of a toxin is necessary for full pathogenicity. A strain may pro- 
duce coagulase and still be non-pathogenic. It may fail to produce £ toxin, fibrino- 
lysin or pigment or to ferment mannitol and still be pathogenic. 

If sheep blood agar is used in primary isolation of staphylococci from human 
beings, presence or absence of definite haemolysis will decide pathogenicity. Fur- 
ther tests are only necessary where the degree of haemolysis is less than that given 
by the usual pathogenic strains. 
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